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APPLICMION OF BLADE COOLINI: TO 
By Herman H. Ellerbrock, Jr. 7 
and Louis J. Schafer, Jr . 

s- 
A review of the  status of knowledge on turbine-blade cooling 

and a description of pertinent NACA investigations are presented. 
Analyses of uncooled turbojet- and turbine-p?opeller-engine per- 
formance, including same relative range valuea, are wed t o  i l lus- 
trate the  trends  with changes in performance parameters ard the 
gains t o  be obtained in some caees by operating at high gas tem- 
peraturea. 'phe current limitations  in performsnoe of uncooled and 
cooled e m e a  are briefly discussed. Analyees of the perforrpance 
possibilities of turbine-blade cooling are given for isolated blades, 
varyingileeign  turbojet azd turbine-propeller engines, and a typical 
j e t  engLne. The possibilities when nonetrategia blade materials 
are  used are included. Finally, the knuwledge available and Investi- 
gations t o  increase the knowledge on heat-trablefer, cooling-f low, 
and performance characteristics of cooled turbine8 are discussed. 

INTRODUCTION 

The greatest  efrorts in aeronautical  turbine  research have 
been devoted to  increasing  the power that can be developed by an 
engine of' a given size and weight, to increasing the mer that can 
be realized from a given quantity of fuel, and t o  improving the 
re l iabi l i ty  of turbines. 

Although eubetantial  inoreases in the p e r  and the eaonany of 
turbines can be realized from improvernant8 in the flow Capacity and 
the efficiency  (reference 11, the  largest ard m o e t  sigaificant bene- 
f i t a  may be derived from imreaelng the temperature of the working 
f lu id  at the turbine inlet froan  increaeing ths compressor 
pressure ratio. For a given c&pacity or weight flow, It can be 
shown from turbine  theory that the power per pound of air is pro- 
p o r t i o n a l t o  the turbine-inlet temperature. 

*Based on lecture presented at Bureau  of S h i p ,  Department of the 
Haw, Washington D.C., M a y  10, 1949. 
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Current hydrocarbon fuels can  produce fa?? higher temperaturee 
than are wed. now, but current  turbine materials have insufficient 
strength  at  these higher temperatures t o  withstand t he  strains 
impoeed. Although better  heat-resistant  materials are being 
developed, a more inmediate means of realizing the perfomnance 
improvement that should be possible w i t h  increased turbine-inlet 
temperatures is required. Another  problem of great  military 
Importance fs that, even if‘ better heat-resistant  materiala &re 
developed, both these  material6 and the high-temperature materiah 
currently wed contain a high percentage of scarce  alloys. unfortu- 
nately, metals with small quantities of them etrategic  alloye 
could not be directly  eubstituted for the high-temperature materials 
beoause they have lower strength  characteristics. Thus the problem 
existe of not only finding means t o  omrate turbines at higher tem- 
peratures than currently wed, but to acccsnplish  such operation 
w i t h  low-alloy-content  metale. 

One methcd of attack on th i s  problem is to  cool t h e  turbine, 
which has the possibil i ty of attaining equal or lower metal tem- 
peratures with an increase in gas temperature. A8 a consequence 
of the potentialities of turbine cooling, the NACA etarted  investi- 
gations on the cooling of turbines at the Lewie laboratory  in 1945. 
Although other  cooling poblems m e  being inveetigated, only blade 
cooling w i l l  be discussed  herein. 

The NACA investigations prior to May 1949 are described and 
the following information is  presented in detail: 

(a) The gains t o  be obtained in performance through the w e  
of high pressure r a t i o  and temperature 

(b) Detailed reasons f o r  current peH0rmanc.e limitations 

(c) Regusone for turbine-blade  cooling 

(a) Some analytical comparisons of turbine-cooling methods 

( e )  Objectivee of cooling  research 

(f) Some problem involved 

( g )  Statue of knowledge  on turbine-blade  cooling 

(h) Stat= and some reeulte of investigations be- conducted 

‘c 
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The theoretical  performme gains possible through w e  of high 
tempraturee at the  turbine  inlet and high ccmpressor pressure 
ratios f o r  turboget and turbine-propeller engines are  discussed. 
The turbo j e t  engine8  were erssmed. t o  be made of materials that can 
w i t h s t &  the  stresses imposed by high pressures and temperatures, 
thus  eliminating Consideration at? the cooling lcwses for them 
engines. In the Consideration of cooling loasea in  turbine- 
propeller engines, the assumption is made that  t h e  turbine blades 
were water-cooled. Cooling losses are considered i n  me caee and 
not i n  t h e  other becalzse these analyses 8z-e the only ones avail- 
able. Nacelle drag is fnclllded in  the  calculations. The lift- 
drag ra t io  waa such that the srlng loadfng was limited to 80 pounds 
per square foot . The nacelle drag coeff icient was 0.055 ami the 
airplane drag coefficient was 0.0186. The structural weight of 
the  airplane vaa assumed t o  be 0.4 of the g c e e  weight and the tank 
weight, 10 percent ae the fuel weight. The fuel  weight WBB included. 
The details  of other assumptions use8 in  the englne-cycle aaalysis, 
which  were similar t o  thoee usually used i n  such work, a r e  not dis- 
cussed herein because the analyses a r e  not rigorous a d  only trends 
and not absolute values are s h m .  

rl 

. 

.- 
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Turbojet Engine 

The ccmguted variations of specific thrust an3 specific  fuel 
consumption for  a range of turbine-inlet temperaturea and can- 
pressor  pressure ratios for  the turbojet engine are 8 h m  in fig- 
ure 1. The calculations for figure ~ ( a )  are based on an airspeed 
of 500 miles per hour, sea-level altitude, and OCBnpreasor and tur- 
bine efficiencies of 0.90, The aeeumed compressor efficiency is 
smewhat high but such eff iciencies axe anticipated.. The effect of 
efficiencies is Bmall at the lower temperatures i n  any cam. More 
detailed information on the effect of efficiencies on performance 
is presented in reference 1. C u r v e s  of relative range of the  air- 
plane are also plotted on figure 1, w i t h  the assumption of a base 
range of 1.0 for  the  current engine with a turbine-inlet tempera- 
ture of 20000 R and s compressor pressure ratio of 4. 

A t  any pressure  ratio,  the  specific thrust and the  fuel con- 
emption  increaee with increase in turbine-inlet temperature. A t  
a given turbine-inlet temperature, aa canpressor pressure ra t lo  
varies  the specfffc thrust incresses to an optimum value then 
decreasee. The decrease is caused by the  decrease in the permissi- 
ble cambustor temperature rise (as determined by compressor-outlet 
temperature) as the  cmpressbr  pressure r a t i o  inoreaaes. !Che 
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optimum-power pressure rat io   for  each turbine-inlet temperature .5 

increases as turbine temperature is raised. Although the lowest 
values of specific  fuel consumption occur at extreme pressure 
ratioe,  the  specific fueJ consumptions corresponding to the optimum- i 

thrust pressure ratios are about 20 percent below the value for  
current  tmperaturee and pressure ratioe at the assumed component 
efficiencies and f l ight  speed. For a given relative range, thrust 
increases  appreciably aril fuel comwnption increases slightly as 
the turbine-inlet temperature i a  increased. The pressure ratio, of 
course, must be correspondingly  increaeed. An indication of the 
galm can be obtained from a cornparison  of the engine at a turbine- 
Inlet temperature of ZOO00 R and a compressor pressure r a t i o  of 4 
with the engine at a turbine-Inlet temperature of 30000 R and a ccun- 
pressor pressure ra t io  of 16. Figme l (a)  shows that  the  specific 
thrust would increase from 52 to 93 (not quite double), the  specific 
f u e l  oonsumption would decrease from 1.16 to 1.01 (about a 13-percent 
decreaere), and the relative range wouM increase about 22 per- 
cent. These results mean that  for a glven required m e r  the engine 
with the high pressure ra t io  and high in le t  temperature would be 
much emaller and use less fuel than the  current engine. 

The effect of airspeed can be determined by comparing the 
results of figure 1( a) for  500 miles per hour w i t h  those of fig- 
ure l ( b )  f o r  1000 miles per hour. All other  conditione are the  e m  
except a f ked l i f t -drag ratio of 7 was used at 1000 milee per hour. 
In general, the trends of the curves in figure l (b)  axe the sane as 
thase in figure l (a)  except that  the constant-temperature curves 
reaoh an optimum point at lower pressure ratioa a d  the relative- 9- 

range c m e s  have more ourvatme than  those i n  figure 1( a), causing 
specific fuel consumption t o  increase  appreciably aa turbine-inlet 
t q e r a t u r e  i e  increased for any constant relative range. A com- 
bination of high thrust and low fuel consumption again require8 a 
high turbine-inlet temperature and a high  canpressor pressure ratio. 
One trend that becomes evident in figure l(b), which is true of all 
other figures of this  type, ia  that, fo r  a given turbine-inlet tan- 
perature, an optimum ccanpressor pressure ratio  exists when range ie 
comidered. This trend is shown by the results for a temperature 
of 2000° R. The greatest range is obtained at a compressor pressure 
ra t io  of approximately 10. 

The effect of altitude on performance is obtained by  comparing 
the data OP figure l(a) for sea-level  altitude with  those of' fig- 
ure l(c),  which is for BP alt i tude of 30,000 feet;  the  other con- 
ditioner are the same as those of figure l(a). If the curves of fig- 
ure l ( c )  are euperlmpoeed on thoee of figure  l(a),  the prlncipal 
differences noted w i l l  be tha t   for  a glven turbine-inlet temperature \ 

. 
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e. the compressor pressure ra t io  at which  opt- specific thrust 
occurs increases as altitude increaaee and that specific thruet 
f o r  a given temprature and cormpreseor pressure ra t io  is greater 
at high altitudes than it is at lcw altitudes. A virtual l i f t ing  
of t h e  whole diagram o c c m  with a shift  to  the left. The greater 
specific thrust at alt i tude f o r  a given inlet temperature and 
pressure ra t io  is caused by the   ra t io  of inlet temperature t o  
ambient temperature  being greater than at sea level. In general, 
the same trends occur 88 at  low altitude, ameciable  gains in 
specific thrust and decreases in  speoi f iu  fuel consumption occur- 
ring if gas temperature and pressure ra t io  ace greater than 
current  values. 

*’ 

In order to  i l lustrate  the  significance of figure l ( a ) ,  a ccen- 
parison of the  current engine w i t h  the potentialities of the opt.fmrrm 
parer  cabination ie considered, temporarily  neglecting  the secondary 
variation of‘ specific  cycle performance with  altitude. Lf a sea- 
level  specific ma98 flow of 15 pounds per second per square foot 
of frontal  8x88 and a gross thrust of 6000 pouds are 88sumed, the 
engine w i t h  a turbine-inlet temperature of 20000 R operating at a 
pressure ra t io  of 4 would require a mass flow of I14 paunds per sec- 
ond, which correapo&a to a frontal we8 ctP 7.6 square feet, and 
would  have a specific fue l  consumption of about 1.16 pounds per  pound 
thrust. A n  equivalent engine w i t h  a turbine-inlet temperature of 
30000 R operating at optimum-thrust pressure r a t i o  of 16 would 
require a maes flow of only 65 pounds per second corresponding t o  
a frontal area of about 4.3 square feet  and would  have a specific 
fuel consumption of about 1.01 pound per pound thrust. If, in 
order to extend the range of the aircraft ,  the thrust were reduced 
t o  4250 pound8 by m e a m  of reduced turbine-inlet temperature at 
constant in i t ia l  pressure ratio,  the relative range of the high- 
pressure-ratio engine would be increased t o  about 1.4 a t  a fuel 
consumption of about 0.83 pound per pound of thrust, and that of 
the low pressure-ratio engine t o  1.10 a t  a fuel consumption of 
1.00 pounds per pound of thrust. 

The high-perforrraance engine with the small frontal area ie 
seen t o  have a eubstantial ahantage in that  fo r  a given maxiarum 
thrust  capaaitr, ita rmge aG reduced cruieing  conditions ie 
approximately 18 percent  greater than the low pre8sure-ratio engine, 
Conversely, if the two engines vere of the same frontal area and 
had the same reduced or cruising thrust for extended range, the 
maximum thrust theoretically  obtainable f o r  take-off and combat 
w i t h  the hi&-performance engine would be about 70 percent  greater 
than that of the conventional law-pressure-ratio engine. 
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The dieadvantage of an engfne with a given canpressor presaure - 
ratio having i t e  deaign point a t  a high gae temperature ts that 
the range l e  penalized and ecanomical reduction of power for cruia- 
1% le impossible. The dieadvantage of an engine w i t h  the same 
pressure ra t io  having ita design  point at a turbine-inlet tempera- 
ture of 20000 R is that no margin of excess power i8 available for 
take-off, climb, and combat maneuvers. The addition of thmat 
augmentation to  the low-temperature long-range engine through the 
uee of a tail-pipe burner penalizes weight and cruising performance. 
For e u b s d c  flight speed, It is evident f r o a n  figure l (a )  that an 
engine deelgn having operating  pointe  available at both 20000 and 
30000 R would be highly desirable because, for  the given canpressor, 
maximum range can be obtained at  cruising cordlltiona vlth an ade- 
quate -@;in of high thruet for other  operatime when required. 

-i 

When oooling research has progreesed to a point  such that 
cooled turbines oan be designed. with confidence, the gaa tempera- 
ture and the type of e0gine installation will tlepend on the type 
of aircraf't as well as on results of many mare analyses of the 
type presented,whlch muet be made t o  cover a broader range of 
conditiuna . 

Turbine-Propeller Engine 

Some typical performance results of a turbine-propeller engine, 
-. 

are sham i n  figure 2. Curves of c a t a n t   r e l a t i v e  range are again 
shown. The great difference between these  results and thoae for  ". 

the  turbojet engine La that, for  conetant  preeeure r a t i o  and 
increasing turbine-inlet temperature, the specific Are1 conmmptloa 
decreases, whereas the power &reatly lncreaeee. Another noticeable 
feature of these curves is that  the optimum campressor preeeure 
ratio, at a gi-n temperature at which the relative m e  i e  a maxi- 
mum, i s  very marked. If the engine with a turbine-inlet tempera- 
ture of 2O0O0 R at a ccurpreaeor preeetzre ra t io  of 4 is considered 
aa the  current englng, increasing  the temperature t o  30000 R and 
the pressure ra t io  t o  16 will reeult in an Increme in power f'ran 
about 105 t o  300 horeepower per pound of air per second (a three- 
fold increase), a decreaeer i n  epecific fuel consumption of about 
40 percent, anl an increase in range of about 70 percent. These 
reeulta are remarkable and warrant great effort to   a t ta in  them in  
actual  praotice . 

The effect8 of altitude and flight speed are obtained by com- 
paring the results of' f igure 2(a) with those of figure 2 (b) at a 
f l ight  speed of 400 mlles per hour and an altitude of 30,000 feet. 
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c The same ramarkable Improvements shown in  figure 2 (a) can be 
obtained for t h e  coditions stated far figure 2 (b) vhen compessor 
pressure rat io  and turbine-Inlet temperature are incre-ed above 

Y'  current valuea. The lower conatant-relative-range and compressor- 
pressure-ratio curves show the same trends 88 those for the turbo- 
j e t  engine in that 88 temperature increases  the  specific fuel con- 
emption  increases . 

The potential improvements reaulting from the use of high- 
cycle temperatures and canpressor  pressure ratios in the *bine- 
propeller engine axe of great interest, partioularly with respect 
t o  long-range aircraft. The analyses given are only approximate 
because the cooling  evaluation has not been sufficiently explored 
for complete evalmtian of the problems. 

The limitations on the performance of engines using both uncmled 
a d  cooled turbines w i l l  be discussed i n  this section of the  report. 
The limite imposed on the unuooled turbine engine are compressor- 
pressure-ratio limits an3 material-temperature limits. The limits 
t o  the cooled turbine engine incluie  cooling losses and design com- 
plications in addition t o  those mentimed for  the uncooled turbine 
engine. 

.t 

Compressor pressure rat lo .  - l?he compressor pressure  ratios 
of current englnes range from about 3.5 t o  5.5. Much research ia 
being conducted t o  increase  this  ratio in  both  centrif'ugal- and 
axial-f low compressors.  Developaents i n  subamic  axial-f low- 
compressor design are expected t o  yield pressure ratios of 
1.34 per etage, which for a pressure ra t io  of' 27 would require 
12 stages %a canpared w i t h  25 stages at current stage pressure 
ratios. Supersonio axial-flow stages and subsonic mixed-flaw 
stages  with ratios up t o  4 82.8 considered feasible and the pressure 
ratio of 27 cauld be accammodated w i t h  a two-stage supersonic axial 
stage followed by 8 mixed-flow stage having a pressure ra t io  of 1.7. 
From the  research that haa been cozlducted, the problems of attain- 
fng high pressure ratios apparently are not insurmountable although 
mechanically difficult . 

Materials. - Uncooled  gaa-turbfne-engine performance is limited 
I became the temperature at the turbine inlet cannot exceed about 

2000° R. T h i s  llmitaticm ia cawed by the insufficient  strength of' 
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currently available turbine  materiala at temperatures higher than 
2000° R. E$ieting hydrocarbon fuels oan produce, however, far 
higher teanperatures, approxinaately 4000O R. 

A problem of grave strategio importance I s  the high percent- 
age of very scarce  costly  alloys in these materiale d, in  addition, 
8ome of the alloys muet be Imported fram other  countries. In the 
event of war ,  grave doubt exiete that enough of these materiale 
could be supplied t o  manufacture the n&er of engines requlred by 
a greatly expanded air force. he a consequence, eubstitute metals 
would have to be wed, resultlng in an uncooled turbine of a lower 
specific thrmet than la currently obtained becau8e the  operating 
gas temperature would have t o  be decreased and ooneequently a larger 
engine would be necessary t o  keep the th.ruet conatant at its present 
value. 

The most cr i t ica l  elements i n  order of importance are: cobalt, 
colmibium, chmmium, nlokel, and tungsten. If mterlals containing 
cobalt a d  not more than 0.5-peroent  col&ium are eliminated, mast 
of the familiar hlgh-temperature materials would be unavailable. 
These materiale are I-155, K42B, 5-590, 5-816, Vitallium, X-40, 
Inconel X, and many others. The high-temperature alloys then 
remaining are 19-9 W460, 19-9 DL, 16-25-6, Hastelloy B, Inconel, 
Discaloy, Nimonic 80, and 17W. With the exception of Haatelloy B, 
these materials a l l  requtre fram 10- to  20-percent chromium, which 
is third on the cr i t ica l  liiet, erad up t o  75-peroent nickel, wh ich  
is fourth. If it 18 further epecffied that the alloy contain  not 
more than 40-percent chromium plus  nickel, Rimonic 80, Inconel, 
and Haatellor B are eliminated and the following  materiala remain: 
16-25-6, 19-9 DL, 19-9 Wdo, Diacaloy, and 17W. These materials 
conetitute a class of relatively  nonstrategic alloys, which could 
probably be broadened wlth f'urther develope&. chromium oontent 
can be further reduced with addition of silicon arad titanium In 
small quantities and nickel aan be rduaed w i t h  addition of' 
molybdenum, which is lower on the  cri t iaal  list. Ty-pical of these 
reduced materials &re the stem-turbine  alloys, such 88 Sichrome 
No. 1, with 8.5-percent ohrcmium, 3-percent silicon, 0.6-percent 
manganese, and no nickel. 

Only materials ham not more than 4- or 5-percent to ta l  
strategic-alloy content aharld practically be considered. The most 
important problem la therefore t o  find sane means of wing such 
materials without effecting a decrease in turbine-inlet temperature 
below i t a   p s e n t  value or preferably  with an Incream in this tem- 
perature above I t 8  p3eent value t o  obtain the specific power 
increases des Ired. 
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Cooled Turbines 

Cooling losses. - The immediate mew for  solution of the  fore- 
going problem is engine  cooling, especially  cooling of the  turbine 
blades. The apparent simplicity of putting air or  water  through 
blades, however, is misleading i n  many respects M a n y  phenomena 
ariae that limit the performance.  Although cooling at current 
turbine temperatures does not seem t o  offer serioua  difficulties, 
the study of high-performance cooled engines  involves many additional 
complicationa, which cannot be generalized  but are functions of a 
particular  enginedesign collfi@;uration. The performance of a cooled 
engine w i l l  inevitably be inferior  to a 6iznila.r uncooled engine, 
and the  turbine-coaling requirements are dependent 011 many vari- 
ables  aesociated w i t h  the purpoae t o  w h i c h  the p e r  plant is pub, 
operating conditione, and cycle  characteristice. The problem there- 
fore is one of economics of the ent i re  propulsion aystem, advantages 
of oooling &B related  to use of noncritical metals,  energy balances, 
and net gains in performance. 

The losses associated w i t h  o o o l i q  can readily become exceesive 
both in current engines and the high-performance engines contem- 
plated for t h e  future, which will reeult  in llmited engine perform- 
ance. These losses include heat loss to   the coolant when the cool- 
ant does not mix w i t h  the combustion gams, losses due t o  pumping 
of the coolant through the eystam including  the bladee, power 108s 
due to   the compression of air ( i f  it is the coolant) in  the engine 
compressor, drag of a radiator  in  the caae of liquid coolants, loss 
in  working f lu id  for  the  turbine 88 a resul t  of bleedoff fran the 
campressor f o r  coolant purposes, and a rather intangible loss i n  
blade power because the working f luid has heat abstracted even 
though t h i s  heat mag be regained by cooling air m i x l a g  w i t h  the 
combustion gases at the blade t T p s .  Keeping theee losses t o  a e- 
mum so that  the lowest possible limitation in performance is 
obtained requires highly ref in& techniques in analysis and design 
88 well  aa relfable a d  cmprehensive data. 

Materials. - The limitatlone i n  performance arising became of 
scarcity of certain  alloys  applies, of comae, t o  cooled 88 well aa 
to  uncooled turbines; that is, cooling muat be applied t o  turbines, 
if at a l l  poesible, where blades are made of law-alloy-content 
materials. The performance of an uncooled turbine prlll naturally 
be less  than that af a cooled turbine w i t h  high-tenprature-material 
blades. 

. 
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In cooled bladea,  thermal stresses, which are not normally 
present in uncooled blades, will inevitably arise and m y  limit 
the performance. The extent of limitation w i l l  probably  depend 
on the  material used. Vibratory stress is also expected t o  be a 
very dlfflcult problem in air-cooled  blades because the blade 
le  a t h i n e l  structure arsd a lar- number of complex modes 
w i l l  be Introducd. 

h e l m  canplicatione. - The speuific power of a gaa-turbine 
engine (whioh I s  the poner/(lb sir) (aeo) ) is appreciably increaeed 
aa the  turbine-inlet tempratwe is increased,  but f o r  a turbfne 
of a given design, the flow (lb/aec)  decreases aa the  turbine-inlet 
temperature ie 3ncreased. Both turbine speed and cmpeseor 
presaure ratio must therefare be increased in order t o   r e t a b  con- 
stant  flow capacity and flow similarity wlth fixed turbine-nozzle 
area and angle; this Increase reeulte in increased  turbine-rotor 
and blade s t ress  in order to   real ize  the potential lmprovaments In 
specific .power of the turbine in  the  turbine-propeller engine. 
Because of the a d d  stress, the performance af the turbine- 
propeller engine meqy be limited t o  some value below that theoreti- 
cally  obtainable from the increased. turbine-inlet temperature. In 
order t o  overcame this  limitation, the hi&-temperature turbine 
should be a new design with altered geometry end new blade conf'igu- 
rations BO that the rotor speed can remain the same aa in  the low- 
temperature original design. Thus, complicatione ariee in trying 
t o  apply high tempraturea to  a gas-turbfne engine in %hat a pao- 
t ical ly  new design is requfred for s~ma parts . 

One problem that has great posslblllty of limiting perform- 
ance of the air-cooled turbine ie that of' choking in the coollng- 
air passages of the  blades ; that Is, the Mach number will reach a 
va;Lue of 1 in the bide parrs8ge under 8 c m  conditione and no more 
air can pass through the blade even though it may be required. 
D e 8 i g n  changm are thus required to enlarge the blade parwages; 
therefore the blade htm t o  be thicker and fewer blades can be wed 
for  a given diameter. It is also evident from preliminary calcu- 
lations that the blade taper f rcsn  root  to t i p  must be aa small aa 
possible t o  reduce acceleration of the a i r  through the passage. 
This acceleration is t r m n d o u s l y  rapid because of centrifugal 
action and heat absorption by the cooling air .  The entire turbine 
may therefore have t o  be rdeeigned so that the performance may not 
be limited by the ohoklng phenwmna, This phenomena is greatly 
accentuated aa altitude increases. 

A design caanplication, whioh c w e s  losses snd thus lwts 
the performance of a cooled engine, is t he  bleedoff of air frm 

. 
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r the comp%ssor for cooling. me system ccmvesing the air f r o m  the 
compressor t o  the turbine Elet be aaded an3 has inevitable  pressure 
losses. 

r’ 

In a high canpressor-preesure-ratio engine, the  cooling air 
must come from m e  of the last stagee of the compressor i n  order 
that it w i l l  ham sufficient pessure at  the blade t i p  t o  cause 
positive flow from the blade passage into  the surrounding gases, 
which Bse a t  a hi&  pressure. It is very poasible that  this air, 
because of the compession, w i l l  have a  temperature a t   the  blade 
root, which will exceed an allowable limit. The reduction of this  
temperature In any case haa a very beneficial  effect on cooling. 
Thus the complication of an aftercooler between the  cmpreeaor and 
the  turbine is added to   the  engine with an adverse effect on per- 
formance due t o  weight & drag. Because of the  very beneficial 
effect  that  rducing  the  cooling-air temperature at the blade root 
has on reduction of cooling-air requirements, however, the  addition 
of an aftercooler may have a beneficial effect on over-all perform- 
ance rather than becoming a device that adds t o  the losses ard thua 
limits performance. 

In the case of liquid cooling, a radiator and a piping ayetern 
must be added. Additions of weight because of these added parts 
and the presence of the coolant in the aircraft  plus the pressurd 
losses in  the system and the possible drag of the radtator w i l l  
reduce the performaace of the engine. Because of heating of the 
a i r  passing through the small radiator, w h i c h  coole the turbine- 
blade liquid  coolant, a small radiator thrust instead of drag may 
occur, aa noted in reference 2. 

The use of‘ high pressure ratios will increase the  stresses 
due t o  gaa forces, which wi l l  require  strengthening of the engine 
parts.  The saving in f’uel weight,  however, occasioned by hi& 
pressures plus the gains in speoific power occasioned by corres- 
ponding increases in turbine-inlet temperature, which may be 
expected. with cooling, snd fo r  a given power requirement xi11 
resul t   in  smller eaginee, axe expected t o  mre than aff set the 
added engine weight occasioned by h-er stresaee. If materials 
are used such that the temperature  cannot be increased, a poesi- 
br l i ty  of added weight = le ts  if pressure ra t io  alone is increased. 

M a n y  other factors add design com-plicatione and. may limit per- 
farmance of cooled turbine engines. Only a few factom are pre- 
sented to show that the cooled turbine englne may not be a simple 
device azd that much thouefit is required in its deaign. . 

* 
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- 
PEWORMANCE POGSIBILITLES OF TUKBINE-BLADE COOLIMG 

The p e r f o m c e  possibilities of turbine-blade  cooling are dis-  -.t 

cussed i n  three parte : (1) Several meth- of cooling  turbine 
blades axe compared; (2) the m e  of nomtrategtc blade metals 
(Cr-Mo-Va and SAl3 1015) m e  compared w i t h  a strategic blade metal 
(S-816); and (3) the cooling-air requirements of both a turbodet 
a d  turbine-propeller engine are evaluated for aeveral  operating 
conditione. 

Relative  Effectiveness of Cooled Blades 

Analysfs method. - The perfoHnance possibilities of turbine- 
bide cmling have been determfned using the allowable effective 
gaa temperature as the criterion f o r  the effectivenese of various 
method8 of' cooling blades of different  oonfigurations and of vari- 
ous mteriale .  Many methods  have been euggested fo r  accomplishing 
the  desired  cooling of turbine blades. The decision ae t o  which 
of these mthods  or w h a t  combination of these methods has the  best 
practical value can be made only after E% large amount of experi- 
mental data hw been obtained and studied. The mechanism of flaw 
i n  boundary layers surrounding turbine blades is not  yet  sufficiently 
understood t o  make accurate  quantitative compaxisone by analysis. 4 

If the cooling of the boundary layer is neglected, however, much 
can be learned about the sui tabi l i ty  of various f o r m  of conduction 
cooling by using the principle6  originally s e t  forth by Fourier. 
Suitable average  values may be aeslgned t o  the heat-transfer coef- 
ficients between the  hot game and the metal euad between the metal 
and the  cooling f luid.  Allowances mery ale0 be made for radiation. 

d 

Ia order t o  evaluate  the temperature distribution in a cooled 
turbine blade, the following parameters muet be specified : the 
turbine s tructurea, the shape and the material of the bladm, and 
the  tmperat~rea,   the  rates of flow, asld the composition of the hot 
gaaea and the  coolbg  fluid. The convection and radiation  cod- 
ficiente can then be determined if t h e  laws are known. The usual 
equatione for radiatian were wed t o  evaluate  these  effects  with a 
gsamstry factor of 1.0 being used. The equation for f u l l y  developed 
turbulent flaw a i d e  pipes has been used t o  detemlne  an average 
convection coefficient from metal t o  coolant. The equations f o r  
radiation and inside convection coefficients were obtained from 
reference 3. The temperature of the gas effecting  heat  tramfer 
(called the  effective gaa temperature) Tg, e WBB assumed to be 
constant around the blade aril xa8 determined from the  equation 
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w 
where the recovery faotor A is r o w  equal t o  the squme  root 
of the Prandtl number /k ) of the gas (reference 4) .  ( A l l  

symbols are defined i n  the appendix.) The s ta t ic  temperature of the 
gas Tg is determined from the turbine-inlet total pressure and 
temperature, the gas flcw, and the  turbine-nozzle area f o r  a Mach 
number of 1.0 or  less at the rotor inlet. When the pressure ra t io  
is such that expansion occurs between the nozzle outlet a d  rotor 
inlet causing the Mach  nEzmber to be great= than 1.0 at the  rotor 
inlet ,  the s t a t i c  gas tmqerature  calculated by the method mentioned 
would be unsatisfactory. Such a cam waa not encountered in these 
calculations. The t o t a l  temperature of the gaa relative to the 
moving rotor blades Tgl' is deterrmined f r o m  the static temperature 
ami the relative  velocity of the gas t o  the blade Wg ueing the 
equation 

(cP,8g g 

The effective gas temperature T e is required because the con- 

difference between the  effective gas and blade temperatures. 
* vection  heat-tramf e r  coeff icieng' on the side ie based on the 

- mom the  foregoing data, the radial-teuprature distribution 
for  any cooling arrangement and at any gas temperature  can be f o u d  
by formulating  the  equations  expreesing  the  heat  balance at each 
infinitesfmsl part of the turbine  blade and performing the  required 
mathematics. A curve like the Solid one presented in  figure 3 
showing the blade temperature from the  root to  the t i p  w i l l  be 
obtained. A variation in effective gw temperature will came the 
curve t o  move up OF dam. 

I n  o H e r  t o  determine the amount by which the temperature of' 
the hot gmes oan be increased by a given method of cooling, the 
temperature diatribution shown by t h e  solid line in figure 3 must 
be compared w i t h  the allowable  temperature distribution. This t e m -  
perature  distribution is obtained frcgn the  centrifugal stress i n  
the blades and stress-rupture data became of lack of knowledge 
concerning other stresses involved. Thermal stressqs are involved 
an3 a relation ia needed between thermal, centrifugal, and gas- 
beding stresses  for each part1culs;r blade configuration. A 

* turbine blade i n  operation ie also characterized by many complex 
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modes of vaxioue ordera of the  exciting  frequencies induced by com- 
bustion chambers, nozzles, or aerodynamic f lut ter .  Because of the 
many f’requencies of higher  order and the f’requency variation frcm 
blade t o  blade, avoidance of all cr i t ica l  frequencies i n  each blade 
a l l  the time l s  very difficult .  Because  the  higher modes of 
vibration are of high frequency, the  criterion8 of blade failure 
due t o  vibration should be the endurance limit for   in f in i te   l i fe  
because any f in i t e  number of cyclee would be c o ~ u t u e d  i n  a short 
period of turbine  operation. Adequate data on elevated-temperature 
endurance limits are unavailable. Much experimental work remains 
t o  be  done on the vibratory stresses. 

.. 

J 

Before the  stress-rupture data are used, ebzl allowable l i f e  is 
assumed eLmf the  relation between the maximum allowable  temperature 
of the blade material and the blade stress is established as follows : 
When the t i p  speed of the blade is specified, t h e  radial stress die- 
tribution of the blade is determined and the maximum permissible 
temperature at each radius of the blade may then be  computed. A 
curve, such as s h m  by the daehed line i n  figure 3, may then be 
drawn t o  show the radial distribution of the  stress-limited 
temperature. 

The maximum effective gaa temperature f o r  a given t i p  epeed 
is established when the actual tamperature-distribution curve (solid 
line, fig. 3) has a point of tangency (circle,  fig. 3) w i t h  the - 
stress-limited or allowable blede-temperature-diBtribution curve 
(dashed line, fig.  3) for   the same speed. When the curves inter- 
sect,  the  section8 on the blade within the  overlapping regiona are 
too htghu stre88ed. The effectiveness O f  8aCh Cooling mthod, 
material, and blade-configuration combination is presented relative 
t o  that for the uncooled solid  turbine blade made of one of the 
most f’requently  used high-temperature materials, 5-816. The rela- 
tive  effectiveness presented hereinafter is the ra t io  of the maxi- 
m m  allowable effective gas temperature i n  % for  the cooled blade 
to   the maximum a l lmble   e f fec t ive  gaa temperature in  f o r  the 
uncooled blade. Such a relative  effectivenese waa used becawe i n  
these simple analyses the heat-trezusf e r  coefficients for the air- 
am3 water-cooled blades were held canetant and thus the results a r e  
only comparative. The effects of altitude on coefficients, losses, 
and so forth do not appear. 

This procedure h m  been applied t o  three methods of cooling: 

(1) R i m  coolbg,  in which the temperature a? the rim of the 
turbine disk 18 reUuced by eoms cooling lnsthcd an& the sol id 
turbine-rotor blades are cooled by conduction of heat t o  
%he rim 

.* 

a 
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(2) Cooling of blades by passing air t h r o e  pamagee of vari- 
o w  ahapes inside the blades 

(3) Cooling by liquid, which circulates through passages formed 
in  the blades and disks; heat flow through the metal t o  the 
cooling f l u i d  

Comparison of cooling methods Ebnd blade  configurations. - The 
effectiveness of rlm cooling for a wide range of cooling  variables 
and blade shapes is discussed i n  reference 5 and the results are 
sumuarizea in figure 4. The relative  effectiveness is plotted 
against the difference between the effective gas temperature and 
the temperature a t  the blade  root f o r  each of a aeries of cooling 
parameters. The dimsnsfonless parameter includes  gas-to-metal  heat- 
transfer  coefficient Ho, the perimeter of the blade  section 2, 
the blade length $, the thermal  conductivity of the blade 
material kBy u d  the cross-sectional  area of the blade section 
%. For &ern gas turbines of high power and heat-transfer  cod- 
f icient, the perimeter a& the blade  length are large, whereas the  
thermal conductivfty is small. For example, the value of the 
parameter would be 14 for  turbines similar t o  those of current Jet 
engines. Under these  circunatances,  cooling i8 irdicated by the 
lower curves, a d  relative  effectiveness is only about 1.05. 

If' metals with the  conductivlty of copper and the  strength of 
current steels were available,  the  value of the parameter would be 
about 1.47 and the effectiveness vould be appreciable. 

Although this increase i n  effectiveness  for  current jet engines 
is not nearly enough to permit the u8e of very high gas tempera- 
tures, it is enough t o  cause a significant gain i n  estimated turbine- 
blade life. 

The effectiveness of a more direct method  of cooling, that  of 
pas ing  air thu& -sages inside blades, is ehown by results 
plotted i n  figure 5. The equation used to obtain the blade- 
temperature distribution is baaed on detailed derivations given in  
reference 6 .  The relative effectfveness is plotted against the 
ra t io  of weight of cooling air flow t o  w e i g h t  of gas flow, called 
the  dilution, f o r  several methods of air cooling and several imide 
blade  configurations. The mterial wed i n  the blades is S-816. 
The lower curve is for  a plain thin-walled hollow blade w i t h  cool- 
ing air flaring through the blade f ram the root t o  the  t ip.  W i t h  
a ra t io  of coolant flow t o  gas flow of 0.05, the relative  effective- 
nesa is about 1.25. 
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The placing of an insert  i n  a hollav blade, aa ahawn  by the - 
sketch i n  figure 5,  forcee the cooling air t o  flaw between the inerert 
eLnd the blade w a l l .  Thla modification increases  the air velocity 
through the paesage, as caupared with that for the hollow blade, and .I 

increases  the  cooling  effectiveness above that for a hollow blede, 
88 sham br the results i n  figure 5. For a ra t io  af coolant flow t o  
gaa flow of' 0.05 or  5 percent, the relative effectiveness for the 
blade  with insert is 1.65 aa canpaxed with 1.25 fo r  the hollow blade. 

The cutting of slots in the walb of' a hollow blade, ae ahown 
by the sketch of a film-cooled blade in  figure 5, allowe cooling 
air t o  flow out of the  slots and over the blade surface, forming 
a cooling insulating film of air between the hot gas and the 
blade wall. This m e t h a d  of cooling is called film cooling. 
From data available In reference 7, the  film-cooling curve fn 
figure 5 w a ~ l  obtafned. The relative  effectivenees of the film- 
cooled blade Is very good, being about 1.8 a t  a ra t io  of coolant 
flow t o  gas flow of 0.05 aer c-mpared with 1.65 f o r  the blade with 
the ineert. The cooling a i r  irraui& from f i h - c o o i e d  blades may 
upeet the flow of g a m e  about the  blade. Because the  air   issues 
nearly tangentially t o  the gas flow, it is expected that  the 
effect w i l l  be small. 

Inasmuch 88 the reeulte of t h e  film-cooled blade are so 
favorable,  putting a large number of holes In the blade surf ace 
seems warranted. This condition  exists when the blades are made 
of poroue material and cooling air ia allowed t o  seep through 
the thousands of microscopic holes in  the material from the 
imide  surface to the outeide surface of the blade wall. The 
reeults of such a method of cooling,  caluulated from data  in 
reference 8, are sham in figure 5 .  The relative effective- 
nese is much greater than that for  the film-cooled bladea, about 
3.5 at  a ra t io  of coolant flaw t o  ga8 flaw of only 0.03. These 
calculated results i n  figure 5 w e  questionable in that the data 
were obtained on r o d  speclimsns. The data were applied t o  the 
blade shape by using the areas of the blade involved. 

A 

Porous cooling is considered  adaptable t o  turbine  stator 
blades  but for the  rotor bladea doubt exists 88 t o  whether porous 
material will have adequate strength  characteristics. Because of 
this doubt, another blade configuration wa8 studied.  This configu- 
ration haa fine along the entire paasage length, as shown by the 
sketches of the 12- and 25-fin blades in  figure 5. The fins are 
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0.020 inch thick and a r e  spaced 0.040 inch apart in the   254 in 
blade; they are 0.WO inch thick and are spaced 0.085 inch apart 
in the 12-f in blade. The addition of fins  greatly  increases  the 
surface i n  contact with the  cooling air and hae been of infinzte 
benefit in cooling  interml-cmbuetion engines f o r  a i rcraf t  use. 
The results  in  f igure  5 show that the fine are  very effective;  the 
relative  effectiveness f o r  the 25-fin configuration is about 2.4 
at a  ratio of coolant flow t o  gaa flow of' 0.05 88 ompared w i t h  
1.25 f o r  the hollow blade. JZrom theae  results, it is thought that 
blade configuratione are available that  will make possible  the 
attainment of temperatures of at leaat 30000 R at the  turbine  inlet 
with a i r  oml ing  using high-temperature or porous materials. 

The effectiveness of liquid-cooling wing either  water o r  
kerosene 88 the coolant is sham in figure 6. The analysis a88umes 
that  coolant paasages 8x8 close t o  c r i t i ca l  are-. @in  the 
material of the blades is 5-816. The o m 8 8  are baaed on the 
1000-hour stress-rupture properties of the metal. Details of the 
equations used t o  obtain blade-temperature distributions when the 
coolant passes through hole8 in   the  blade, as shown in  f igure 6, 
are  given in references 9 t o  11. Round holes muet be wed because 
of the high water pressures obtained at the high rotative speeds 
of the  turbine  rotor. The curve fo r  water i l lustrates  the remark- 

coolant flqr to gas flow of only 0.02, the  relative  effectiveness 
18 about 2.2. This effectiveness  reeults from the apparent l i t t l e  
difficulty in obtaining  high  fnside  heat-transfer  coeffioients 
w i t h  water . 

- able theoretical  effectiveness of thie  coolant. For a ra t io  of 

Consideration of liquid  coolhg leader t o  t h e   m e i b i l i t i e e  of 
the uee of fuel  ae a molant. This use would minimize the heat 
loss because the  heat energy would reappear in   the  corabuetion 
chamber  when the fuel  is burned. The effectiveness of kerosene is 
much lower than water, however, because the  heat-transfer coef- 
f icients are only about one-f ourth the values  obtained w i t h  water. 
The curve in  figure 6 labeled fuel-air ra t io  is the   ra t io  of the 
fuel  required t o  obtain  the gas temperatures  corresponding t o  the 
relative-effectivenees  values on the  ordinate t o  the gas flow pass- 
iw through the  turbine. Fuel-air ra t io  arrd r a t io  of coolant flow 
t o  gas flow have the 881338 value along thi8 line. A t  a ratio of 
coolant flow t o  gas flow of approximately 0.03, the curve of fuel- 
alr ra t io  required for coslbustion cToEIses the curve of relative 
effectiveness  obtained with keroeene. A t  thier point, all the fuel 
wed f o r  engine operation l a  needed for cooling. The value of rela- 
t ive effectivenee8 is abouk  1.25. Ti' a higher effectiveness is 
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requfred, more kerosene than I8 needed for caaibustion would be 
required for cooling; thus recirculation of 5ome of the fuel and, 
coneequently, B heat exchanger would be required. 

J 

Usually an effectiveness  greater  than 1.25 w i l l  probably be 
required. Consequently, a heat exchanger would generally be neces- 
sary  for the blade configuration considered even though fuel is 
used as a coolant. 

C c m r p a r i s o n  of various  metale. - The relative  effectivenese of 
the hollow air-cooled  blades,  the  air-cooled 25-fin blade, and the 
liquid-cooled  blade when the;. were made of mriotus m e t a l s - w a s  next 
determined. The 25-f in blade w&8 c o n s i d e d  because it was so 
euperior t o  the other  configuratione considered applicable t o  rotor 
blades. The hollow air-cooled blade was coneldered in order to 
determine whether law-alloy-content materials could be used in a 
blade that is easily fabricated and at  the sane tlm the turbine 
could be operat& at  current gas temperaturee. In a l l  oaaes, 
results were obtained wing blades made of 5-816, Cr-Mo-Va, and 
SAX 1015. The alloy S-816 has about 95 percent of alloying metale, 
many of vhich are scarce; Crao-Va has only about 5 percent of 
strategic  alloying metals a d  about 95-percent iron, and SAE 1015 
ie ordinary automobile fender s tee l  w i t h  no strateglc  alloying 
mstals. If SAE 1015 i e  wed, a coating must be applied t o  pro- 
tect  it from axidation and corrasion by the hot gas=. - About 2 per- 
cent of alloying mtal is required t o  prevent oxidation and 
corrmion. 

. 
# 

The results  for  the hollow blade i n  figure 7 indicate  that 
w i t h  Cr-Mo-Va blades, a rat io  of' coolant flow t o  flow of 0. OS 
is required t o  obtain a relative effectivenee8 af 1.0, o r   t o  oper- 
a te  at current temperatures. The curve for  SAE 1015 never reaches 
a value of relative  effectiveness of 1.0. It is evident that  some- 
thing more efficient than the hollow air-cooled blade is required 
if current gaa t ape ra tme  o r  slightly greater temperatures, which 
are neceesary to overcame cooling losses, are t o  be obtained wlth 
nomtrategic mater10 without wing great quantitiea of cooling 
air. This  reqyirement leads t o  the 25-fin blade results, Khich are 
a h m  In figure 8 .  With a r a t io  CXP coolant flow to gaa flow of 
0.05, the relative  effeotiveness of this blade made of Cr4o-Va 
is 1.75 am3 even when made of SAE 1015 it is about I.. 4 at the same 
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ratio. Thus, euch a configuration  with  air-cooling provides a 
solution to the double objeotive t o  be obtained by operation a t  
higher gae tanlperatmes and w e  of nonstrategio  materials. 

The effectiveness of liquid cooling when the blades are made 
of various  metals b sham in  figure 9. As in  the  air-cooled 25- 
fin blade, the water-uooled blade has a high relative  effeotive- 
ness even when nonstrategk materials axe used. The results with 
kermene  cooling &re much luwer but a relative  effectivenees 
greater than 1.0 can be obtained at high  coolant flows with 
Cr44o-Va blades. A relative  effectiveness of more than 1.0 is 
impossible with SAE.1015 bladef3. The S-816 blades have a relative 
effectiveness of 1.8 a t  er ra t io  of coolant flow t o  gas fluw of 0.10, 
which is required for a relative  effectivenee8 of 1.0 for  the 
SAE 2025 blades. Calculations were made to detemlne the effective- 
ness of water-oooling  using 25s (aluminum) blades. The resu l t s  in 
figure 9 show that even with 255 a t   a ’ r a t i o  of coolant flaw to gas 
f l o w  of 0.10 the  relative  effectiveness I s  greater than 1.0. Both 
the high conductivity and  the light weight of 25s are  favorable 
factors  in obtafning high gas temperatures. It has low-strength 
characteristics, however, which is an unfavorable factor. 

The m i c a 1  studies of liqu2d uooling ahawed that  the 0001- 
ing passage must be placed close (about 1/4 id t o  the trailing 

. edge (reference IO) in  order  to have satisfactory  trailing-&@ 
tamperaturee. The trailing-edge temperature increases  rapidly 
according to current  analyticalmethode, which neglect  cooling 
effects of the gas temperature in the boundary layer, as this db-  
tame is increased. 

Cooling Requirements for  Engines 

Vazying4esip;n turbo3et engine. - The cooling-air requirauents 
have been deterrained f o r  a series of turbojet engines as a function 
of blade-metal properties a d  altitude for a range of turbine-inlet 
tsmperatures at optimum-per  pressure  ratio thus defining  the prin- 
cipal  factors  affecting  the  cooling process. A 12-fin blade con- 
figuration wag used. The turbine opera ta  conditions were 



20 M C A  RM E50AO4 

determined fran a relatively e-le cycle  analysis  for a range of 
altitudes;  the  turbine s t e w  waa selected t o  be conststeat with 
an average blade relative Mach number of 0.8 for  the  profile;  the 4 

heat-transfer  coefficients  for the profile were  canputed frm unpub- 
liehed correlations obtained in a s t a t i c  caecede of bladea; the 
equation for one-dlnmuional  heat transfer (including the  effects 
of centrifugal Oompreasion of the air i n  the cooling passage, 
reference 6 )  wae used t o  determfne the blade-temperature d is t r i -  
bution; and the temperature dietributiozle so obtained were matohed 
vlth the allowable blade-termperature distribution 88 flxed by t i p  
speed, centrifugal-streas  dietribution, a d  the 1000-hour stress- 
rupture  characteristics of the materia ls  in weetion. 

The results of this analysis for   the f imt etage of the turbine 
are @Ten i n  f ignre 10. Ratio of coolant flow t o  gas flow is 
plotted  againet allowable effective gaa temperature f o r  two alti- 
tules and for  two materials, S-816 and Cr&o-Va, the  nonstrategic 
material. The ccmpreeeor preseure ra t io  of each engine was opti- 
mum from a power consideration for  the temperature used. The 
aesumed compressor and turbine eff iciencies were 0.85. It I s  
imanediately a p p e n t  that, with  the assumed conditione, the  required 
ratios of coolant flow t o  gas flow rapidly  increase  with simul- 
taneaue increase in turbine-inlet  or  effective gas temperature and 
co3qpreasor pressure ratio. This rapia inoreease reaults from two 
principal  variations.. Obviously, the temperature differerne 
between the gaa and the blade hureases; but, i n  addition, the 
blade  heat-transfer  coefficient is indepennently a function of 
local s t a t i c  pressure within the stage because the heat-tranrsfer 
correlation ie baed on bouadary-layer c d i t i o n s .  Compressor 
pressure ratio,  turbine-etage pressure ratfo, f l i&t speed, and. 
altitude thus appear directly i n  the density term of the Reynolds 
number, where- in the conventionsl correlation the Reynolds nun- 
ber fs a function of the m88s velocity of the stream, and the heat- 
transfer  coefficient would be Independent  of pressure ra t fo  at con- 
s tant  mass veloaity.  Increaehg  altitude  for a given engine (tern.. 
perature and p?eseure ra t io  fixed.) reeults in substantial inoremma 
i n  desired  ratios of coolant flow t o  gas flow. An explanation for  
the inorease In required rat io  of coolant flow t o  gas flow with 
altitude can be seen from the equation  derived for   bladeaetal  tam- 
perature  (reference 6 )  in  which metal  temperature is a function of 
the  ratio of outside and inside  heat-transfer  coefficients,  the 
outside  heat-transf er coeff icient, and the coolank f lar. The effect 
of fine in  the paesage is t o  ma@fy the effect of coolant flow on 
the  inside  heat-tranefer  coefficient. The reduction of density 
with  altitude  therefore hae a greater effect on the  inside  heat- 
transfer  coefficient causing the inorease in requirerments of ra t io  
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of coolant flow t o  gas flow with  altitude. For a given se t  of con- 
ditions,  the  ratio required is also appreciably iwreaeed when the 
nonstrategic  material is substituted  for 5-816. A t  high altitudes 
the  cooling-air Mach nunibem for a even ra t io  of coolant flow t o  
gas flow are appreciably  higher  than  those at sea  level. The ratio 
of coolant flow to gas flow that can be used depends on the  losses 
obtained, which  have t o  be included i n  an over-all anamis. 

The results of the anelysis are only approxlmate for   the 
following reasons : The variation of blade  height with cycle  deaign 
conditions waa not included, which makes the  results pessimistic; 
in practice  the  blade  height would be decreased at the  hi& tan- 
peratures and pressure ratios, and lower ratioe of coolant flow t o  
gas flow than those indicated in the cum- would be necessary; the 
limits of permissible ra t io  of coolant flow t o  gas flow aa deter- 
mined by losses have not yet been established f o r  the turbojet 
engine but  there is re88on t o  believe  that  they m e  higher than 
those permissible i n  the turbine-propeller engine. 

The conclusions that can be drawn currently are that f o r  the 
high-performance turbo je t  engine, when the limitations of the analy- 
sis are considered, the  applicatfon of nonetrategio  materiale is 
feasible for turbine-inlet temperaturea up to 3O0O0 R (effective 
gas temperature of about 2750° R )  at optimum  yowar pressure ratio. 
Nonstrategic  materials also must develop the  highest  poeeible physi- 
cal  properties through careful  selection and heat treatment; the 
blade profiles muet be designed t o  favor mfnimum surface heat- 
transfer  coefficients; and the  internal-passage  configuration m u s t  
be highly  refined t o  permit maximum effectiveness. The application 
of nonstrategic  materials t o  high-performance engines presents formi- 
dable problsans requiring extensive res88zzQh, but t he  gains in per- 
formance and the  stxategic  neceesity for reductfon in   a l loy content 
justify  the e f f o r t .  !Fhe potentialities at  current  turbine tampem- 
t u r e  and pressure ratios probably can be r ed i ly  attained  with 
development of the finned-blade  configuration. 

Varying-design turbine-propeller engine. = Application of air 
cooling t o  the turbine-piropeller engine haa been analyzed t o  sone 
extent f o r  the optirmmr-paror pasure- ra t io  colrditione at  an alti- 
t u l e  of 35,000 feet wing a 25-fin blade, similar t o  that shown in 
figure 5, made of 5-816 alloy. The required  ffrst-stage ratio of 
coolant flow t o  gas flow was found to increase rapidly f mm smut 
0.02 at  an effective gas temperature (approximtely 0.90 times 
turbine-inlet temperature) of about 2100OR t o  0.18 at  about 3100° R, 
a s  shown in  figure 11. The effect of simultaneous increase in gas 

a 
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temperature ani cycle preseure ra t io  l e  similax t o  that In the 
turbojet analysis. The results are pesslmfstlc  for the 
reasom given in the  turbo jet e~nalysis. 

Additional  calculations af the flow in the  Internal pasage 
made us- current cosnpressor pressure ratios including  the simul- 
taneous effects of f r ic t ion loss, mentum change, and centrifugal 
conpression indicate  that  the passage would choke near the blade 
t ip   for   the   ra t io  of coolant flow t o  gas f lov of 0.18 and a 
pmitive pressure ra t io  of about 2 f r a n  blade  root t o  t i p  was 
required in addition  to the centrifugal  capreesion in order t o  
overcane the f r ic t ion and momentum-pressure loases. With a 
preesure rat io  of slightly over 3 per stage, which wae assumad, 
calculations shared that f o r  the pressure-ratio values  given the 
cooling air would  have t o  be bled from the campressor near  the 
discharge end at a pressure ra t io  of approximately 25. Beoause 
of' the  rapid  state c-8 in the turbine, the  second-atage rat io  
of coolant flow t o  gas flow waa only 0.02 at an effective gaa 
temperature of 320O0 R (turbine-inlet temperature, about 35000 R )  . 

The cooling  lossee for the engine with an effective gas 
temperature of 3200° R were analyzed and the .approximate break- 
dawn is 88 follows : The direct  heat loss t o  the blades was 
10.4 percent of the  net brake horsepower; a substantial part of 
th i s  energy would have been unavailable f o r  work in any case 
because  even in uncooled engines the thermal efficiency is only 
about 30 percent and much heat is thrown aww, so that the term 
lms ie misleadhg t o  aome extent. The parer required t o  pmp 
the air f'rm the turbine hub t o  the blade tips YBB 3.9 percent 
of the net brake horsepower; and the  parer in  the mebin compressor 
required t o  inarease  the air to  the  required pressure was 10.9 pr- 
cent of' the  net brake homepower of the engine. The to ta l  pump- 
ine; losses are thua about 15 percent, which would increaee the 
specific  fuel coneumption from appcmimately 0.261 up t o  0.293 pound 
per honeepawer-hour although the  specific output would rsmain 
very high, about four times that of current  turbine-propeller 
engines. 

c 

T$piaed turbojet e-. - An analytical study was made of' t he  
porssibility of cooling a typical uncooled turbojet engine. The 
method of' analyaie y88 similar t o  that previously given f o r  the 
vaxyin@;design engines. The solid bledes on the uncooled turbine 
were aesumed t o  be replaced by afr-cooled blades. Two conflgu- 
ratione were studied: blades with seven f ine, and blades with an 
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- insert similar to the blade shown in figure 5. Bgoauee the oris- 

quently, altering  the blade  design, w h i c h  increased the imide 

nal uncooled turbine blade waa BO thin, a choking Maoh nmber in 
the air passage W&B rewhed at an altitude of 20,000 fee t  . Conse- 
passage meas by 4O.percent and reduced the   nWer  of blades 
from 120 t o  100, waa necessary, Thie alteration, of come ,  
would necessitate a redeaiep of the blade profiles. The assmtpkfon 
was made that the blades were w3thou-t shroW. This assmrgtion 
makes a lege difference in required ratioe of coolant flow t o  &as 
flow beoause shrouded blades are more highly stressed than unshrouded 
blades. With the altered Blades, calculation6 of the r a t io  of cool- 
ant flow t o  gaa flow required t o  maintain  the ~ a m e  turbine-inlet 
temperature (2OOOO R) ae currently obtained by the =#ne were 
made. The oalculations were made fo r  a range of altitude, blade 
l i fe ,  and three m%eriale. The materials were Cr-Mo-Va with 
about 5 percent of strategic alloye and 95 percent of iron, C440 
with about 1 peroent 02 strategio alloys, and SAE 1015 w i t h  no 
alloys . 

Sama reeulte of the cslculatione are shown in figure 12. The 
curves in figure =(a) show the  increase in ra t io  of coolant flow 
t o  gaa flow requlred by the rotor vith finned  blades 88 blade l ife 
based on stress -rupture  properties ie inoreaaed for the three 
materiale. A 1OOO-hour l i f e  is usually assumed for airplane eervioe 

The assumption of a oertein 1tPe value does not mean that such a 
life will be obtained tn practice. A high value fs &men became 

the as~umed~al~. SmdLl decrease6 i n  alloy conkant appreciably 
fncrease  the  ratio of coolant flow to gas flow required. In 
general,  reduction fran 5 t o  0 percent  increases the r a t io  of 
coolant flow t o  gas flow required frnm 1.5 to 2.5 at 100 hours of 
blade l i fe .  Reduotion of l i fe  expectancy fxm 10,000 t o  
100 hours appreciably reduces the required ratio of coolant flow 
t o  gas flow. 3 2 m  these curves, the  service regxtrement -la evi- 
dently an -ant factor and theref ore the alloy  content should 
not be reduced too much. A very satisfying  reeult shown in fig- 
ure 12( a) is that f o r  the altitude givcn, 40, OOO feet, a dilution 
of only a l i t t l e  over 0.02 i a  req-ed fo r  10,OOO houra w i t h  
Cr-Mo-Va. 

” but for mieaile applicatione a much ah&er life could be asstllP8d. 

- other streas factare that c-t be evaluated may a.ppreoiably redwe 

The effect of altituh and blade oonfigureLtion on r a t i o  of 
coolant flow t o  gaEi flow ia shown In figure E ( b )  usin@; Cr-Mo-Va 
blades with 1000-hour etrees-rupture  proprtiee. For the blade 
with insert  a d  the seven-f in blade, the ra t io  of coolant flow t o  

a gas flow increases to same extent aa altitude inoreaaee. The 

. 



ratios of coolant flow t o  g a ~  f Lar with both blade conflguratlons, 
however, are not  excessive even at an altitude of 40,000 feet. 
The blade with the ineert is lees  effective, requiring about twice 
the  ratio reqMred by the seven-fin blade. The nozzlee or  etator 
blades required a ra t io  of about 0.01. 

. 
Calculatione of the percentage reduction in thrust of the 

uncooled engine due t o  loeaep, assoolated xith oooling were made. 
The caloulatims were made f o r  a constant flight Mach number of 
about 0.8 and a range of altitudes. The losses include  the  parer 
t o  pump the air through the turbine rotor and blades and the power 
of the canspressor t o  cormpress the oooling air  t o  the pressure 
required at the turbine-rotor  inlet. The losses also include  the 
effect of extracting heat froan iAe working f lu id  while expanding 
t h r o w  the furbtne; thia effeut resulk! in increesed turbine 
pressure ratio. !Chis increase in turn reduces the available 
pressure for rmpanelon throw t he  Jet nozzle. The reduction of 
downstream gas temperature because of the miring of t he  cooling 
air with the gaa downetream of the turbine rotor ie included. 
This decrease results in a reduction in J e t  velocity. The loss 
due t o  the air mixing with the gas is not  included aa it is an 
intangible loas . The reduction in fluid for p%xhcing work i n  the 
turbine ie Included. Thie reduction is caused by bleeding of afr 
from the comlffessor far the coolfng. Finally, the loss due t o  an 
increaae in fuel-air rat io  is inoluded. I 

The results of these lo66 calculation6 are shown in figure l3 
for  the seven-fin blade and the blade with insert  where the percent- 
age loes i n  thrust is plotted againet altitude. A general  decrease 
in percentage lass in thrust occum f r o m  sea level t o  40,000 feet  . 
The loss in  thrust appreciably  increases as ra t io  of coolan$ flow 
t o  gas flow is increaaed, from about 5 percent at a ratio of cool- 
ant flow t o  gas flow of 0.03 t o  about 16 peruent at a r a t io  of 0.07 
a t  sea level for the blade with insert. Altho- w e  of the sevBn- 
fin blade produces more 1-8 in thrust than the blade wlth the 
insert at a given ratio, thie differerne is insignificant. Of sig- 
nFficance ie the requirement at an altitude of 40,000 feet 
(fig. 12(b)) of a ratio of only about 0.018 when the seven-fin 
blade ie used., whereas about 0.034 ie required when the blade with 
inaert is used. Consequently, Frau figure l3 the 1-8 i n  thrust 
would be only about 3.9 peraen? for the seven-f i n  blade aa compaxed 
with about 6.5 peroent for the blade with the ina& . 

'pheee results were obtained for the condition of maintaining 
the  turbine-inlet t e m p e r a t u r e  at the 88me value as in  the unoooled 
engine. Because of t h e  losses, the oooled engine would consequently . 
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have a lower m r  output than the. uncooled engine. In order t o  
overcome theae loasee, whioh are not large, and to obtain the aame 
power, the  turbine-inlet temperature would have to be increased; 
an a p p r e t e  value was detembed am 16ooO F for the seven-f in 
blade. This value would requZre the passing of more air than 
1.8 percent at an altitude of 40,000 feet  throu& the ro tor  blades. 

This discassion of a typical mghe was made to point  out 
problem involved in applying oooling and the details of eolution 
are not of ~ l o l a r  importmce. 

The lose study ehowed that the two most important effecte, 
especially for the blade with ineert, are: 

(a) Lose in turbine ma88 fluw: For required campreeeor work, 
the turbine preseure r a t i o   m e t  be increased, resulting 
in lowered. available  jetaozzle pressure ratio. 

(b) Loss in total temperature of the gaa in the t a i l  pipe 
due t o  mixing of turbine m l a n t  at 9600 t o  1160° R with 
the erhauat w e e  at 16600 t o  17600 B: This 108s lowers 
t o t a l  enthalpy mailable at the j e t  nozzle. 

The entire study of the typical  turbojet engine xaa most 
encouraging. The ratios of coolant flow t o  gas flow required. and 
the loss in thrust were not excessive, and the ad conclueion that 
8881118 t o  be Wicated,  which is current  Jet-engine perfommme can 
be obtalned when cooling is applied t o  blades made of nonstrstegio 
materiale, is of immense importance to national defeme. 

OBJECTIVES OF TURBINE-BLADX-COIX RESEARCE 

Because of' the Micated improvement i n  epeciflo thrnst and, 
in som oases, epecific Fuel  conemption due t o  increased turbine- 
inlet temperature an3 the  probability that nonstrategic  materials 
zan be used, t h e  NACA has been oonducting a researoh program on 

. turbine  cooling to apply and check the  theoretical results. 
The general ob3ectivee of' this research are: 
(1) Provide knowledge such that turbines merde of nonstrategic 

materials oan be operated at gas tearperaturee ae high or 
higher than  those currently need 

(2) Provide knowledge euch that turbine8 can be operated at 
htgh gaa temperatures 

The detailed  objectives of this research are: 
(1) Provide analytical methods for  accurately designlag cooled 

turbines 
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(2) Provide enalyticd methods for  acoarateb  evaluating per- 
formance of coolea turbines & engines with such turbines 

(3 ) Frmide methods for c d u c t i n g  experiments and oalculating 
data 011 cooled turbine8 In o d e r   t o  be able to  evaluate the 
perfonnance 

(4) Provide experimental data, obtained on rigs and turbines, 
that are necessary t o  eetablieh formulas for  factors required 
in the method6 of design and evaluation of cooled turbines 
for which no theory or Inadequate theory are available. S a m  
of these  fmtora are: heat-transfer ooefficients f o r  the 
bledes, both imide and outside; f r ic t ion  factors   for  coolant 
paseagee; f l u i d  temperature8 effeotlng heat transfer, aad 
euch factors as turbine  efficiency,  blade power, and turbine 
mechanical lceaee ; that is, data t o  eetabliah formulas for  
performeme, heat transfer, and coolant-flow characterletice. 

(5) Develop the theories by which the foregoing factors can 
be determined 

( 6 )  Explore and e x m i t e  methods of manufacture of special 
blade configurations 

b 

(7) Fabricate as8 operate actual  cooled turbines 

( 8 )  Analytically  explore the possibilities of cooling on engine 
snd airplane performance canaidering a l l  variables such as 
blade material, material life, blade configuration,  service 
reguirement, and eo forth 

( 9 )  Expedite the accmnilation of material propertie8 euch ae 
fatigue,  etrees-rupture, endurance limits, and notch senel- 
t l v i t y  at elevated temperatures 

Tpre a ta tus  of amled-turbine lmovledge and inveetlgatfoas 
includes a dieoueslon of the statue of theoretical kncnrledge aod 
experimental investlgatione, cooling-f low characterietics,  turbine 
and engine perfomance, turbine perfonnance characterietics, aad 
englne performaace characterietica . 
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Theoretical Knosrledge of Heat Trausfer 
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Allowable blade-temperature dietributione. - In order t o  
establish  the allowable gaa temperature at which 8 cooled gas 
turbine can operate for a given cbolant flow or t o  establish  the 
coolant flow required to  operate at a given gaa temperature, ' the 
allowable blade-temperature radial-dfstributian curve mu8t be 
determined. A discweion of i t a  use was given in the discueeion 
of figure 3. In order to prediot the operating l i f e  of a unit 
with a reasanable  degree of accuracy and t o  keep the required 
coolant flow t o  a minimum, the allarable temperature of a turbine 
blade mnst reflect  the actual phy~ical properties eaad etress dis-  
tribution of the blade as closely 88 possible. In analytical work 
t o  t he  present time, the  centrifugal sbress imposed on the blade 
has been used i n  conjunction w i t h  stress-rupture data t o  determiae 
an allowable temprature-distributioa curve, as previously explained. 
The characteristic of this curve ie  t o  show a lower allowable tsbn- 
perature at  the blade root where centrifugal stress i e  highest. 
(See fig. 3.) Because t h e m 1   s t r e a m 8  we present i n  a oooled 
blade, a relation, 88 previously mtd,  is needed between thermal, 
centrifugal, and gaa-bending streeeee f o r  8 particular blade. An 
additional stress ie the vibratory stress, w h i c h  is caased by vafi- 
OUB factors dlacussed in CURRENT IZBECATIONS ON P-CE. The 
knowledge of blade streesee  ie extremely limited ae are data on 
elevated-tentperature endurance limits, and eo forth, which are 
needed t o  calculate  accurately the allowable-temperature- 
distribution curve. 

A brief  description of the  current method at obtaining  the 
allcmable-teaaperature-dietributian curve ie  aa follaws: The cross- 
sectional areas of the metal portion of the blade & f'rcan root 
to t i p  are  plotted agaimt the dlatance frcan the root. Small inore- 
mente of rotor radius dr Fran t he  blade root to t i p  are taken 
ard the etrees at the t i p  oslcalated fran 

~g %)av e w r 
144 % 

2 
s =  

average cross-sectional  mea of t h e  increment. 
ment toward the root, the strees is calculated 

D 
where As is the area at the base of increment and (+)= is the 

$or the next  incre- 
frarm - 



where a l l  terms correspond to  the increment wader consideration 
except B. The term B equals the stress multiplied by the base 
area of the first increment. The stress of each rsmaining incre- 
m n t  is determined i n  a similar maner, B i n  each case  being the 
st ress   mult ipl id  by the base area of the preceding increment. If 
the stress  distribution of the blade I s  known, the allowable tem- 
perature  distribution can be obtained from stress -rupture data for  
the material used in  the blades. Usually the stress-rupture  data 
are plotted ae ekress againet teznperatum w i t b  l ife i n  hours as a 
paremeter. 

Actual blade-temperature distributiom. - llhe theory for  deter- 
m i n i n g  actual blade-temperature distributions is almost complete. 
COr18ider8ble  work has been published by both the RACA and In Germany 
on this subject. The German work is snrrannrized t o  8ome extent in 
reference 12. As previously stated in the discueaim of the methods 
of analy8is f o r  comparing cooling methods, the temperature- 
distribution equations for air-cooling are derived in reference 6 
and for  water-cooling i n  references 9 t o  11. The theories a r e  com- 
plicated and involve aesumptions; the details will not be dirrcuesed. 
It is sufficient  to note that much theoretical information i t 3  spail-  
able  for  calculating  the ac tua l  temperaturedistribution o w e  (solid 
line, .rig. 3). The equations a m  long and the material must be put 
i n  mom usable form for designere. The NACA is endeavoring t o  pre- 
pare charts frm which blade temperatures can be determined f o r  
varioue blade configurations,  cooling methods, and materials. The 
reduction of the results frm complicated equations to  chart form 
i s  uncertain. 

The fellating exmple of such an equation for  radial tapera- 
ture dietribution is for  air-cooled  blaaee baaed on one-dimensloaal 
theory: 

where 
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The blade  temperature depends on the  effective f lu id  tempera- 
tures Tg,e and and the convection heat-transfer  coef- 
ficients Ho and Ei. (Radiation was neglected in this  derivation 
so that radiation  coefficients do not appear. A discussion of this 
procedure is given in reference 6.) The blade temperature is con- 
sequently only 88 accurate 88 the accuracy of the  effective  fluid 
temperatures azBa the heat-tranefer  coeffr'sients. These factors  
w i l l  be subsequently  discussed. 

General  theory for convection heat-transfer  coefficients. - All 
problems of convection heat  transfer a m  problems of flow of heat 
thro@ the bourdary layer. Coneequentlyi sett ing up the equatione 
f o r  the flaw of Pluid a.nd t h e  temperature variation in the boundary 
lwer supposedly could establish the heat-transfer  coefficient laus. 
The heat-transfer  coefficient would be obtained fram t h e  slope of 
the  fluid-temperature curve at  the wall using the equation 

Details of this relation are discussed in reference 13. 

Dryden (reference 14) has set up such  equations f o r  both lami- 
nar and turbulent f Laws. For laminar flow, nine equations, five of 
which are differential equations, result  with nine unknow termas. 
Up t o  the  present time, l i t t l e  pogress has been made in  the  solution 
of this formidable problem. Simple problame , such 88 f o r  flow 
through a tube and acroes flat plates, with the assumption that  the 
flow is one or two dimensional, and mang other aesumptione have 
given r i s e  t o  a solution of the equations t h a t - f i t s  experimental 
results fairly closely. For turbulent flow, the equations are more 
difficult;  the  fluctuating-velocity terms and their equations enter 

. 
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into  the problem In addition  to equations of the type for  laminar 
flow. Conaequently, the theorg of heat tranefer in eddying flow l e  
watisf actory. 4 

As in many other fields of technical phyaice w h e r e  the dlf" 
ferentlal  equatione governing the phenomena are euch that solution 
is impractical, if not  altogether lmpoesible, experimental  tech- 
niques aided by the method of dhensionebl analysis based cm the 
R theorem  have proved a valuable tool In the treatment of heat- 
transfer p?oblams. By use of suoh an analysis, the Numelt nuuiber, 
which Involves the conveution heat-transfer  coefficient, can be 
shown t o  be a funotlon of the paremstem even in the following 
equation : 

L -1 

The caee of natural convection for which Vf = 0 is f i r e t  
considered, The Reynolds number Re, Mach number M, which 

Tf)J/epfVf2 are then  absent 

1 

The quantity p (T, - Tf ) i8 a measure of the volume changes in 
the fluid but has conelderable iafluence only in  special  problem, 
such as in the 1-e of heat f'raa a hot wire  of very small diameter. 
As a cormequence, the equation for  natural convection has generally 
been of t h e  form 

for  a given D/L. 

For  forced conveotlon, the natural-conveotion  currents are 
usually negligible so that terms involviq p and g have no 
Influence on the heat tranefer. The Grashof number G r  and 
fl (Tx - Tf)  are then  absent. It i8 ale0 811 experimental fact 
that H In the Nusselt number Nu I s  proportional t o  (TI - Tf).  
A term Involving (Tx - Tf) therefore cannot enter on the  right 
side of the equation. Thua fnr forded convection, the  equation 
reduces t o  
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Nothing has been said about the Mach  nuniber M i n  equation (4) . 
In the pa&, flows have been at a l a r  epeed, xhich autoanatfcally 
eliminated M. As M increased, in the equation for H (equa- 
t ion (3) ) the temperature Tf,o had t o  be replaced with the 
effective fluid temprature Tf e in order to eliminate W from 
the equations. The relation bei-n the   effeot ive  tmersture  and 
the s t a t i c  sad re lat ive  total  tem-pnratures was previously given 
(equation ( 1)) . The effeotive temperature of the f luid i e  the tend 
perature the body w i l l  aas~ms, for  the a m  f luid qonditione, when 
it is unheated and lrncooled. 

Turbine-blade "F4ga-to-blade" ocmvection ooef'f iclents . - An 
equation of the form of equation ( 4 )  ha8 successfully been wed to 
correlate heat-transfer data when fluide are flowing around pipes, 
across  tube baalrs, and around streamline struts for design angle of 
attack. The Nuaeelt nmber is based on aversge heat-transfer coef- 
ficients. The applioation of one function Q"' t o  all turbine- 
blade shapes, ranging From impulse blades to reaction  blades, azld 
for a l l  anglee of attack is optimistia. Rather, it is t o  be expected 
that f o r  each blade shape and f o r  each angle of attack of the flow a 
different  function wtll prevail. Ala0 tlie fmotion w i l l  probably 
ohange with or without nozzles  upstream of the rotor blades . A 
plot  of Nu diviaed by Pr raised t o  eane parer e n s t  Re will 
theref  ore show separate curve8 for each blade shape and angle of 
attack. 

The reaaon for the inabilltg. to o m e l a t e  all the average heat- 
transfer ooeffioients for blades on m e  o m e ,  ae it3 done f o r  ttibes, 
becarnee evident when figure 14 fe aonaidered. Thie schematic 
sketch  illuetratee the flow that may e x i s t  arou a turbine blade 
at design angle of attack. Studies that have been made indicate 
that the flow in the bounaeL1-g layer on the concave side of the 
blade will be laminar. On the omvex  aide, however, a transit ian 
from lamhar to  turbulent flow occur6 at sane point along t h e  
surface. The heat  transfer for 1- flow ie much leas than for 
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turbulent flow so that the average heat  tranefer  for the blade w i l l  
change appa iab ly  dependtng on the  extent of the laminar aad tur- 
bulent reglons. Blade  ahape an8 angle of' attack can appreciably 
change this transition  point. Another factor that has become e d -  
dent concemlng heat trawfer and flow l a  that the deoreasing ra t io  
of the temperature of the surface bo the f lu id  temperature 0utsId.e 
the boundary layer incrgaem  the  stability of the boundmy laser, 
delaying the  separation point of the f luid f + r a a  the surface and 
the  transition from laminar to turbulent flow. Whether the  f luid 
eeparates or not all, of' couree, greatly Meat the heat trans- 
fer, The temperature ra t io  mentioned ala0 seems t o  be another 
faotor that enters into equation (4) and afYectS the heat  trans- 
f 811 even though the f lu id  doe8 not separate. A hi& heat-tranef er 
ra te  f r o m  the blade t o  the  coolant, which rwmw a large amrunt 
of energy from the bomdary layer thus lowering ita presst~lte, can 
cause separation  to oocur sooner them a low heat-transfer rate. 
All them factors  neceesitate development of theoretical maw 
for detenmining local values of heat transfer around t6e blades 
for any blade shape and angle of attaak that can be averaged t o  
obtetin pointe on a o w e ,  which followa a lan such aa eapreseed 
by equation (4)  . Only by euch meane can a reduction be made i n  
the tremendous amount of experinmsntal research that would other- 
wise be required to  establish curves for  a l l  the  variations that 
exist in blade shape, and eo forth. 

- 

* 
The ultimate approaah t o  these heat-transfer lawe l e  t o  derive 

methods wherebr the heat-transfer parameters can be independently 
determined f 2 o m  aerodynamic consideratlane euch 88 blade-profile 
shape, relative flow angles and Maoh nuniber, velocity  distribution, 
a d  the law gomrming the developnent of the bo" layer 
became the boundary layer is controlling. The two general methc& 
of solving boudsry-layer -problem! are: 

(1) solving t h e  boundary-layer differential  equations of om- 
tinuity, motion, rrnd energy 

(2)  Solving the boundary-layer mQmentum equation 

In  reference 15 are listed solutions by varioua in~eetigatona 
using the f inet method f o r  Incompescr ible flow and nonvariation of 
f l u i d  propertlee i n  the laminar bouudsry layer, that ia , deneity, 
viscosity, and epecific heat are canertant from the wall t o  the 
stream. Some of these investigators assumed a pessure @?adient 
of zero parallel t o  the euzfme (flat plate) but peUrtly acoounbd 
for the preersme @?&lent by inserting local  velooity in the qua- 
tion for  heat-transfer  coefficient . Others, mer the assumpticm 
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of a pressure grdient of zero, introduced a b0undaz-y-layer thick- 
ness that embdied the velocity  variation along the surfaue. Refer- 
ence 15 p s e n t e  a solution based on a combination of both methode 
wherein the pressure gradient x88 neglected in the energy eqaation 
but considered in  the momentum equation. Fluid-propertJr variertion 
and compressibility effeote were neglected. For high heat trans- 
fer,  the property variation is significant but for a Mach nmber 
less than 0.2 neglect of cmwessibil i ty is not  serious. 

The first  method is used in reference 16 8nd Includes o m -  
pressibilitg effects and fluid-property variation  but  neglects the 
effects of a pressure gradient. This method is &BO wed in refer- 
ence 17 and includes the preesure term  but excludes fluid-property 
variation and cnmrJreesibility effects. 

The work of Crocco and Conforto, which 18 similar t o  ref%r- 
ence 16, is utilize3  in  reference 13 and a method for correlating 
heat  transfer is obtained by basing the temperature fo r  fluid- 
property  evaluation on a  function of Mach nmber and temperature 
ratio. This method, however, is for a prwsure sadien t  of zero. 

The effects a9 fluid-property wmlatlon anB the pssure gradi- 
ent have not been included in the sane analysis, ineofer 88 oazl be 
determine&. An investigation utilizing refereme 16 i e  being made 
by the XACA t o  account for theee two sieplf'icast  feature6 of the 
heat transfer with a lenninar b0-y layer. 

With the use of method ( 1) the Reynolds analogy (Prandtl nm- 
ber, 1 and -preesure m i e n t ,  Oj w a ~ ~  employed in  the  turbulent case 
that resulted in  the dependence of the  heat-transfer  ooefficient on 
the  friction  factor. Modifications of this analogy t o  apply for 
other  values of Prandtl number and piressure gradient have been made. 
The momentum equation (msthod (2) ) wae used by investigators . 
The results of the w e  of both of these methods are ehuwn in refer- 
ence 15. Same of the equations for heat-transfer  ooeffioient 
account for a nonunit prasadtl number, whereaa a l l  the equations 
account for the pressure gradient in 6ome m e r .  One of the  basic 
assumptions is neglect of the  dissipt5on tern. 

In reference 18 the f i r a t  method snd the Reynolde analogy me 
used t o  obtain an equation for  heat  transfer  including  dissipation. 
The verriance between th ie  analysis and that where dissipation waa 
neglected doe6 not seem t o  be lerge. 
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Same equationer f o r  the turbulent boundary layer derived fKnn 
pipe-flow theory, which may be  applicable if a turbulent boundary 
layer exists on a cooled turbine blade, are preeented in refer- 
ence 13. 

From the stability  calculations  (reference 19), apparently a 
laminar boundary layer might well exist  for a oooled turbine blade. 
Where a favorable pressure gradient is obtained, this exietence 
would be true and even with a slightly adverse prmsure gradient 
t he  laminax region mqy &ill prevail when high cooling rates axe 
present . 

Much work remaine in order to   a r r ive  at 8 theorg that w i l l  be 
applicable t o  the conditions existing when heat is transferred from 
hot gasea t o  cooled turbine bladea. Whether a satisfaotory theory, 
which will agree closely with experimsPtal reeulter, can be evolved 
is currently unahswerable. 

Radiation  transfer of heat t o  blades . - Radiation f ran turbine 
w a l l a  t o   s t a to r  and rotor blades and f'rom stator blades to   rotor  
blade8 will probably have a praminent part in  the heat-tranrsfer 
problem of the cooled turbine. The ra te  of radiant heat tranefm 
depende on the well-lmavn formula that the heat rate ia proportional 
t o  the diFference between the hot bcdy temperature raised  to the 
fourth power and t he  cold bcdy temperature rabed t o  the 6ame power, 
and t o  other  factors,  includfng a term called the geometry factor. 
The equation for radiant heat transfer from a small f b i t e  area of 
turbine shroud t o  a amcall f in i t e  area of the blade l a  

. 

"J J Ycr= 

The q w t i t y  under the htegrd. si- I s  equal t o  the geometry 
factor IEUltiplied by the emptll finite mea on the blade surf'aue 
being evaluated. Although geametry factore exiet for tub- and 
other simple bodlee, none exist  for the cmplioated patterns euch 
as thme fonned between walls and blades guad stator and rotor 
blaaee. In addition, no theory erl8ts fo r  their determination. 
The very tedious oosrplex operation muet theref'ore be performed of 
finding the individual fadcrrs for  each small area on the blade 
and f o r  each small mea that thie blade "sees" by using equation (5). 
Large wood mode-, about 20 tIne6 the eize of the b&ade cascade 
must be made for accuracy. A device called a mechanical  integrator 
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described i n  reference 20 is used t o  integrate  graphically the 
portion of the equation under the  integral si- in equation (5) . 
The method of obtaining  the average geometry factor for the blade 
from such measurements is given in reference 21. The radiant- 
heat  aspect has received l i t t l e   a t ten t ion  and much work is required 
t o  develop t h e o r i s  for calculating  radiation geometry factors for 
complicated shapes. 

Turbine-blade convective heat  transfer  to coolant. - The flow 
of the  coolant through the inside of the blade can be thought of 
aa flow of a fluid through a tube where  the  tube haa odd shapee as 
in   the blade . The tube could be formed by the blade walls in a 
hollow blade, by the  blade walls and ineert outer auzTace, if &11 
insert is used, whioh would result in a tube with a shape samewheLt 
like an mulu~, or by the blade walls and fin surfaoes If fine 
are placed in the passage. These shapes are f l lmtrated in the 
sketches in figure 5 . A formula  such 88 represeated by equation (4) , 
which is applicable t o  flow through tubes, miat therefore be sup- 
posed applicable for convection heat-tranefer  coefficients on the 
inside of blades, the  tube shape of which may vary greatly. For 
the term D in the Nuwelt and Reynolds ambers, the average 
hydraulio diameter of the passage or passages (if f ins  me 
used) would then be used 88 is t he  practice for heat  transfer i n  
rectangular  tubes . 

For fully developed turbulent flow in pipee, it has been asom- 
tained  (reference 3, p. 168) that  the formula for heat  transfer is 

Nu = 0.023 (Re)0'8(Pr)0'4 

In wbich the fluid p-operties were  baaed on the bulk temperature ~ 3 ?  
the fluid.. Evidence now exists frcm tests in  tubes  (referenee 22) 
where the  ratio of wall to stream tsmperature is far from one that, 
88 previously noted,  an equation similar to equation (6) w i l l  not 
agply over the entire temperature-ratio range. An equation very 
s hilar t o  equation ( 6  ) w&g de tedned  t o  apply if the propx%fea 
of the  fluid  including  the  density axe based on w a l l  temperatures. 

An equation similar in form to  equation ( 6 )  h a  been found 
t o  apply t o  convection heat  tranefer in  annular epaoee w i t h  the 
diameter  replaced by the hydraulic diameter of the anmltxr space 
(references 23 t o  25 and reference 3, p. 200) . In adi t ion ,  
according t o  refereme 24, the  constant 0.023 has t o  be multiplied 
by a factor dependent on the ra t io  of the diameters of the inner 
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anB ouber pipes f ollning the &nnul.ua. In all case8, the rat io of 
metal-surf'ace tempratwe t o  fluid-etrem trrcmperature wae not 
extreme. 

Another factor that affeuta the heat  transfer in tubes Is the 
dietance from the tube inlet .  Generally, at tbe tube inlet t h e  
f h i d  velocity l a  roaifonn acroB8 the tube and no boundary layer 
exists, 88 illwtrated in figure 15(a) . As the fluid procleede, 
boundary layers, usually leminar, build up along the walls until,  
if the Reynoltls number is low, fully developed lamLnar flow with 
a parabolio  velooity  distribution exists in the tube, as indioated 
in the velocity-dIstribution diagram in f igure 15(a). If the 
Reynolds number in the main stream ie high, the lamlnar layer w i l l  
change to  a turbulent wer at 8ama transition  point and finally 
grow t o  a point where ful ly  developed turbulent flow will exist in 
the tube some dietame from the inlet . The heat-transfer coef- 
f ic ient  varies, as indicated In figure  =(a), t o   t he  point where 
fully developed lerminar or turbulent flow axlats . Its vasliation 
w i l l  also depend on the R e y n o l d s  nmber of the fluid.  Consequently, 
formulae suoh 88 equation (6) apply t o  only a limited condition, 
fo r  fully developed flow-velooity distribution and not t o  the tran- 
sition  section. Some aapects of effect  of inlet length are dirr- 
cussed in more detail in reference 26. 

In the ooold-turbine-blade inside paseagas, inlet effects on 
heat transfer on the inside may occur depending on t h e  manner in 
w h i c h  the air is introduced at the blade  root. Z the air enters 
the blade fram a chamber that is rather large ,  the flaw may be sane- 
w h a t  similar t o  that described damstream of the  tube in the pre- 
vious paragraph. Other arrangements may came a flow that has 
appreciable  boundaxplayer  thiclmees at the blaae root. The 
aanular-space diecussion  points out that in trying to  correlate 
heat  transfer  in hollow blades w i t h  that in hollow blades w i t h  an 
insert, which forms a s o r t  of annulus, a fautor based on the annulus 
dimension8 may have t o  be used aa a multiplying factor in the equa- 
t ion for the hollar blade before agrement is obtained w i t h  blade- 
with-insert reeults . 

Ho known data slat cm heat-transfer coef'ficfents inside 
turbine blades. It is impractical t o  erpect t o  obtain data inside 
bladee of ordinary comercia1 turbines that w i l l  (1) glve formulas 
for variation of heat tranefer along the blade epan, (2)  give 
f auto= that wil l  oorrelate  different ins ide  gecnnetries of' t h e  tube 
passages, (3) evaluate t h e  type of flaw existing. 0- an aver- 
age coefficient for a particular configuration and detailed data 
on local  coefficients wing large turbine rigs and s t a t i c  cascade 
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rigs can be expected. When such detail& data are obtained, it is 
hoped that lnsthods can be evolved t o  obtain  integrated inside mef- 
ficiente that xi11 check the average  values, wbich will be obtained 
on tmiC&l tWbh38, 

As pointed  out, the  foregoing method is reoaamnended on the 
premise that Reynolds and Prandtl numbers are the primary factors 
affecting heat transfer, Thia praise is usually -Id f o r  forced 
oanvection. Ae previously noted, the heat-transfer  equation 
derived by dimensional a,n&ly~is has many parametere that affect 
heat  transfer . The absence of met of these parameters, sudh as 
that for farced convect;ion, is due to  the  negligible  effect  they 
have f o r  the existing  type of flow. In the cooled turbine, 
especially in the  wolant passage, the Graehof nmiber may also be 
a fac tor  aff sting heat  tramfer beoauee t h e  Gr-hof number for 
ordinary natural-convection processes omtains the s a v i t y  
te rn  g. EI 8 turbine, however,  when the coolant paasage is con- 
sidered, g must be replaced by a term, which -. be from 10, OOO 
to 50,000 timee the omlinmy value of g depending on the  turbine 
speed, Aa a coneequenoe, the Grashof number reaches values that 
are appreoiable and i n  some cams, such aa when the water holee 
are  not drilled through, may averwhelm the Reynolde number effect 
on heat transfer and therefore equation (6) would not rewesent 
the experimental f indw . 

A turbine has been operated in Germany on a natural-conveCtion 
principle wing water as the coolant. Tple holes are not drilled 
through, aa shown in   the  eketoh i n  figure 15(b) and the water flows 
up through the cent= of the holes and down the otrteide of the holes. 
The XACA also hae  two water-cooled turbine wheels using %hie 
cooling  principle. 

Ef'fective f lu id  tempratures. - The h e a t - t k f e r  'coefficient 
is a9fected by maby parmeters, as brought out in  the  discussion 
of the  general the06  of' convective heat traaef er These parameters 
can be determined by means of the dimensional theow. One auch 
p a m e t e r  is the Mach nmber of t h e  fluid. As mentioned, depending 
on conditions of flow, some parameters have negligible effect and 
the experiments r e su l t  in formulas that do not contrain theee 
parmeters. In the past, a great mount of reseamh 0x1 hest trans- 
fer x88 conducted at low Mach nmbers and th i s  parameter did not 

.. 
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afYect reeults. Consequently, although From dimeneional theory 
Mach number would appear in  the heat-tranefer-coeff  icient equation, 
in experimental formulas it dfd not appear. Abo, the choice of 
temperature t o  use for fluid tFmrperature in evaluating the heat- 
trwfer coefficient H did not  appear t o  affect H. Consequently, 
etream statio temperature was wually wed. As fluid epeeds 
increaeed, however, the  coefficient H was affeoted by Mauh nun- 
ber if H waa deterarined using e t r e m  s ta t ic  temperature. 

Several  theoretical analyses and s a w  experimente  have recently 
been made frcmn which it haEl been determined that the normal type of 
formula, i n  which Nusselt numker is a function of Reynolds number 
and Prandtl number, i e  spplicable t o  high f l u i d  speeds if the heat- 
transfer coefficient fe based on the effective f l u i d  temperature 
(referenoee 4, 13, 18, and 27 t o  32) .  That is, the M s o h  number 
parameter drops out of the equation for Nweelt number on this basis.  
The effectivle flufd temperature is the  tanperatme  affecting heat 
transfer a& i s .  equal t0 the temperature the surface would 
assume if it were thermally insulated, no heating or cooling, d e r  
the same fluid conditions for which the heat-transfer  coefficient 
is being determined. 'phe effective fluid temperature fa thus the 
adiabatic surface temperature. A discueeion with diagrams of the 
formulae fo r  H on different bases and on adiabatic rrurface tern- 
perature is given in reference 13. 

The adiabatic temperature of' a bocly euch ae a turbine blade, 
l ike   that   for  a thermocouple,  can be de tedned  wing formulea sfmi- 
lar t o  equation (1) from the  total  and s ta t ic  temperaturea of the 
f luid flowing arot.mil or  through the bcdy and frcm a recovery factor 
If' they are known. 

A general sumnary of the work done by many investigators t o  
eetabllsh the farmulaa for  the recovery factor A f o r  several 
bodiea I s  given in reference 13. In general, the conclusion has 
been mede that Fradtl and Mach numbem are the peuramr>unt pa;rameters 
afT ect- A . Some theory and experiments on flat  platee  indicate 
that A va;riea aa *. Investigations on a cascade of turbine 
blade8 (reference 27) shows that 

No analytical eolutione for  dete- the dfec t ive  f luid 
temperatures outside and in the  cooling pamagea of' turbine blades 
are  avdlable. The solution of the botuadary-lsyer equatione, which 
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will lead t o  methods fo r  calcubkirrg the  characteristics of the 
fluid in the bounb8ry layer is the firet step in t h e  analyt;icsl 
determination of effective f l u i d  temperatures . Recovery factors, 
azd thus effective fluid temperatures, have been saalyt;iczally evalu- 
ated for  flat plates and for wedges, the wedge evaluation being for 
Wnar flow. This work is described in reference 13. Theee 
msthode of evaluation can 8-e 88 guides fo r  t he  turbine-blab 
recovery-faotor analytical evaluatione. 

Exgerimenta3 Investigations on Turbine-Blade  Heat Transfer 

Requirmnts for apparetua. - Because of the laok of. analytical 
methods to  calculate  various  heat-tranefer  faatma required in the 
evaluation and design of cooled turbines, experimental  procedures 
and apparatus an3 experimental data obtained therefroan are required 
t o  obtain  the  factom. In experlnmnts, both the static caecade arxl 
the rotating cascade, which ie wed in both turbine rigs aad 
turbines., required. 

In experimental work, the stationary caacade is an essential 
part of a m8-h propem leading to  the developnent of reliable 
methods anb physical  relatione for rational deeign aP cooled-t&bine 
engines. An adequate  unaeratanding of the advantages and the 
limitations of blade  cooling  requires  research that cannot very 
well be conducted on a f’ull-acale turbine. Blade-cooling inveeti- 
gations in  an actual turbine  suffer four Severe limitations : 

(1) Inaccessibility for necessary instrumentation 

(2) Impossibility of isolating and individually  controlling 
convection, radiation, and uonduc2ion without enceding con- 
struction  operating  reetrictlone 

(3) Restriction of maxlmm gas tenperature in ecristing mauhinee, 
which effectively prevents rap= exploration of cooling 
processes at khe high temperature levele 

(4) Impossibility of rapidly investigating varioue  cooling 
methods, blade configurations, and so forth 

Both basic and empirioal data can be obtained with s t a t i c  cas- 
cade rigs. The dfstinction between basic and emrpirical data depends 
on the msthod of approach in  lwout a2d operation of the rig. Basic 
data for the  heat-transfer  equations mey be obtained by breaking 
d m  the problem t o  eliminate or to  control each effect and thua 
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determine true uonveotion a d  radiation  coefficienta. The am- 
lyt ical  methode are then used to cambine the baaic element6 for 
deeign purpoeee. The enrpirical data would be obtained where the 
r i g  waa deeiepzed an& operated t o  reprodme the conditione of 821 
actual  turbine  etage. The data Kould oonsiat & temperature- 
response relatiom reanlting fram c m  in  inlet  temperature, 
radiation-source temperature, angle of attack, and ao forth. 

With etatiu oascade rigrr, the effeots CXP a l l  or some of the 
I ollowing factors on heat-transfer ooefflciente astl blade tmpera- 
turea can be studied: 

(1) .Gaa-temperature variation 

(2 ) coolant  -temperature T e a t  ion 

(3) Coolant flow 

(e) GaEl flow 

( 5 )  Rim, air, liquid, film, aad boundary-layer cooling 

( 6 )  Blade configuration 

( 7 )  Blaae e k e  (bladea range in s i ze  from 3/49 t o  6-in. 6pan, 
for  example) 

( 8 )  Blade angle of attaok 

f 9 )  Radiation heat transfer 

(10) Conmutian heat trmf er  

(11) CerePDio o o a t i w  

(12) Coolaat Maoh, Reynold8, and prandtl numbere 

(13.) GaEl Mach, Reylsolde, and prandtl numbers 

(14) Blade material 

The riw ehould be BO oomtracted that either local heat- 
transfer ooeffioiente around the blades, average coefpicients, or 
both can be obtained. In general, much of the -io data should 
be obtained using hot and cold air or cold water (them  data should 
be oheaked at high tapmatures  with canbustion gase6) i n  order t o  
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- Lsolate convection effects, t o  overcanm the lack of knowledge  con- 
cerning canbuetion-gas propertiee, and. t o  eliminate 88 much 88 pos- 
sible the eff ecte of carbon deposits CUI the blades and the possi- 
b i l i ty  of incompletely burned gaees. On the basie of caecade aero- 
dynamic data, the number of blades should be ae large as is per- 
mitted by the  facil i t ies.  Heat dams should be pslovided to elimin- 
ate heat losses Avlm the blade ends as much 88 possible. On the 
coolant  side,  the blades should be instrumented in such a manner 
that in le t   d fec te  on the  heat-transfer  coefficient can be obtained. 
'Phe coolant flow, of coume, is not fully developed into turbulent 
or laminar flaw until it m e e d s  some distance through the blade 
coolant passages. Thermocouplee should be so located 011 the blades 
that  the spanwiee distribution around the periphery fs Obt8ined, 
as well as a detailed  peripheral  distribution along the span. In 
addition, the coolant pessage should be M3.y instrumented along 
the camber line of the blade at about two statiane representing 
inlet  and outlet of the ine trumented p a r t  of the blade. An 
additional probe should be wed i n  conjunction with these surveys 
t o  determine the conditione i n  the passage between the blades. 

L 

Boundary-layer temperatures and velocities are required  for a 
full solution of the  cooling problem. The practical s i z e  of a ta t ic  
rigs precludes w e  of preesure  tubes in the bourdaq layer; multi- 
plication of the eetimated boundary-layer thickness of the gas film 
around the blades by a fac tor  of at least 4 would permit  such use. 
Ne= leading edges, hot-wire probea are ale0 eeverely limited in 
application. Becauee of aerodgnamic loading at velocities in 
excess of 100 feet  per eecond, wire lengthdiameter ratios mrret 
be rest r ic ted  to  values of the  order of 60. ~ - o o n d u c t i o n  effects 
are  large and diff icul t  to calculate  accurately because of 
uncertainties i n  flow a d  temperature distributions. Other e f f e c t s  
too numerouB ta mention affect the accuracy of measurement. Same 
simple calculations show that interfercanetric methods can be wed 
t o  obtain  boudary-layer measurements in s t a t i c  rigs of the s i z e  
that is practical.  Excellent photographs of flow around turbine- 
blade profiles were obtained  (reference 33) with an interferometer 
and indicate that suoh methods can be used t o  determine boundazp 
layer  characteristics . 

The advantage of being able to apply data fram static cascade 
rim, which are s h p l e  to construct a d  to operate, t o  turbine 
design is evident. The applicability of the data is determined 
by checking againat data from rotating blade cebscadee . Rotating 
blade cascades are expected t o  yield considerable data on such 
factors  as boundary-layer flow with centrifugal  forces and lmder - radial pressure  variations on both inaide and outside  surfaces of 
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the blades, =turd convection effeots  to augment the 
i n t e n d  heat -transf er  coefficient,  cnplpreeslbility temperature- 
rise ef'fecta in cooling-air paer~age~, actual lossee  incident t o  
pumping sir through blades, a d  relatin loss ee of various dis-  
charge mth& (that is, f"ram t i p ,  with and'without  controlled 
vector, o r  intobolmdary layer). None of these v i t a l  factore can 
be handled in s t a t i c  caercades. 

A turblne rig, Including the  bldee, should be thorou&ly 
instrumented with both themnocouplea and pxmmre tu-. Measure- 
ments  ehould  be taken in  the blade-cooling passag- t o  determine 
flow an& heat-transfer  coefficiente. The thermxxmple and preseure 
leads fram rotating par ts  w i l l  probably have t o  run radially inward 
between the dirska into a hollow instruntent shaft, which will also 
serve to  drive preseure ard t a n p e ~ t u r e  pickups. 

Description of NACA apparatus. - Currently  the NACA has at the 
Lewis laboratory four statio caacaae rigs, two special   static rim, 
two turbine rigs, a d  four cooled turbine8 in the process of design, 
fabrication,  or  operation  or a t o t a l  of 12 pieces of apparatus t o  
study the  turbine-cooling problem. 

A typical  statio cacsoade I s  shown in ftgure 16. This  caercade 
was one of the earlier models slld f o m  blades were wed . Because 
of the great quantities of' air needed and the laxge apparatm 
requ3.red t o  heat thie air t o  obtain hQh fluid Maoh nunibere between 
the blades, the numBer was restricted t o  four although more blades 
should be used if poaslble. The blades are hollow so that cooling 
air o m  be passed through them. Becauee of thelr large s i ze ,  
about 6-inuh span and 5-inch ohord, they are fully inatmented  to  
obtain ccaaplete data on hot-gaa, cooling-alr, and blade-temperature 
and -pressure characteristics. TBe m s  of inetrwnentation is evi- 
dent in  the figure. Facilities are available for both hot- 
combustion-gaa and hot-air determinations. Thls r ig  I s  wed t o  
obtain loud heat- t rafer   coeff ic ients  mund the outaide of the 
blade am3 i n  the blade-cooling paasage. 

One of the epecial  etatic rim ie ehown in figure 17 . Thle 
r ig  is used t o  et* the  bodlw mer around a cooled turbine 
blade; the data 80 obtained are used t o  verify equations giv ing;  
the  oharaoteristica of the boundary if possible. When the 
b<rrmdarpleyer characteristtce axe known, the local outeide heat- 
transfer coefY'icient, the recovery faotor, the effective gae 
temperature can be detedned as prmiowly explained. The rig, 
ae ehown, h8a 8 mavSb10 water-oooled synmetrical blade, which can 
be rotated or mrrved acmes the turmel section. The ver t ical  walls 
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of the   r ig  are ale0 movable, rotate about a pivot, and have a 
special shape. By movament of the w a l l s  Ebnd the blade, various 
pressure dbtributions arOUna the blade  corresponding to   typical  
pressure dbtributione of various aham turbine blades cafl be 
s e t  up. The blade is inetruzasnted  with themnocouples and pressure 
taps and a hot-Mre manometer pmbe ie used t o  obtain  the tempera- 
tures ardt the  velocities of the fluid i n  the boundary layer. Thie 
r i g  is constructed  but more develownt  of the hot-wire anemometer 
is required in order that  it can satisfaceorily O p e r a t e  i n  the 
high-temperature, high-velocity  field. 

The interferometer offere another mthod t o  determine the 
chamcterietics of the boundary layer around oooled turbine blades. 
With th i s  instrument, a picture of the flow or  "fringe patterns" 
are obtained, 'phe deviaticm of eaoh line i n  the fringe pattern 
from a point on the line outside the boundary laser is proportional 
to the change i n  density. E the   s ta t ic  preesure in  the boundary 
layer normal to the surface is assumed constant, as is always done 
currently, this deviation is then proportional to the temperature 
change. A graphical msasurament of the  deviation of each l ine on 
the  interfermeter  pattern from a point outside the boundary layer 
and the measurement of temperature with a thermocouple at thia 
point w i l l  provide data on the  boundary-layer  temperature variation. 
The other special e ta t i c   r i g  previously mentioned (fig. 18) is one 
with which such data can be obtained. It is a wooden replica of 
the  r ig  in figure 17 except the walls and the blade cannot m e .  
The p i t i o n e  of the blade and the walls are such that the greseure 
distribution is typical of that of turbine blades currently  in w e .  
The blade is made of Lucite and is cooled by ethylene  glycol, which 
can be  reduced in temperature t o  -400 F. The coolant manif'olds on 
each end of the blade w e  indicated i n  figure 18. They obstruct 
the view of 8 small part  of the  leading edge of the blade but vere 
made &B small as possible. Ordinary air a t  room temperature is 
passed around the blade. Optical-glaers widow8 are p l a o d  at the 
ends of the blade. The interf-ter photographs are taken 
through these windows. 

Verification of equations for  blade-temperature distributfon, - 
The investigations of turbines and turbine  rotors have not PO- 
greased t o  a point where  checks cf the equations developed for  cal-  
culating blade-temperature dirstributi- can be made. Exprimsnts 
on a s t a t i c  cascade of sol id blades that were heaeed at the root, 
however, have been coniucted (reference 27) .  Cold air was passed 
around the blades and the heat-tramfer  coefficients from the air 
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to   the blade8 were determined. Xxprimsnts were then conducted a t  
conditione very different froan thoae at which the heat-transfer 
ooefficients were obtained and the blade tanperaturea were meamred 
from root  to  tip. The blade-temperature distribution vae then  cal- 
culated wing an equation previously developed. The comparison of 
the experimental and theoretical temperature dietribution is shown 
In f igure 19. The diff'erence between the  blade tanperatwe and the 
effective  fluid temperature is plotted againet the distance along 
the blade measured from the root. The maximum error is only 100 F 
at a blade temperature of 1507O R or  about 1 percent. This can- 
parison of results using a blade-tamperature-ditribution equation 
with experimental results  indicates that the  theory is probably 
adequate . 

Experimental results on blade outside  heat-transf e r  coef- 
f ' ic iate .  - Heat transfer from solld bladee i n  a s ta t ic  caacade 
heatx-at the root  to air f larlng around the bladee is discussed 
i n  reference 27. Data fraan which heat-transfer coefficients from 
hot air t o  the e a w  carrcade of solid blades cooled at the roots 
have  been calculated have also been obtained a t  the Lewis laboratory 
but are unpublished. The blades were of the inrpube type. The gas 
tamperatme i n  the cooled-blade investigations was about 7600 R. 
Additional air heatere have been added t o  the setup 5n order that 
experimente at gaa taperaturea of 10600 R c m  be made. Conibuetion- 
gaa experiments wlll also be made. 

!bet8 were  made i n  ~ermany (reference 34) on a s ta t ic  cascade 
of impuhe blades, which were electrically heated, t o  determine 
heat-transfer  coeffioiente from the bladee t o  cold air flowing 
&round the blades. The blades had a solidity of 1.33 and a turming 
angle of 102' as  compared  with a solidity of 1.92 and a turning 
angle of 1040 for  the  blades in reference 27. Experiments  have 
also  been  conducted on a static  cascade of water-cooled  blades 
(reference 35). The  blades  had  an  insert  somewhat  similar  to that 
in t h e  sketch shown in figure 5. The  fluid passing around  the 
blades  was  hot  air  for  low-temperature runs and  combustion  gases 
for  high-temperature runs. The greatest  temperature of the g a s  
recorded  was  approximately 1200° R. These experiments  were  con- 
ducted on one  set of blades,  which  were  first  oriented in the rig 
such  that a cascade of impulse  blades  resulted.  The  orientation 
was then changed 80 that a cascade of reaction  blades  resulted. 
No blade-temperature  measurementa  were  made  with  thermocouples for 
simplification  purposes.  The blade temperatures  were  calculated 
by a method based on some  assumptions.  The  recovery  factor, f r o m  
which  the  fluid  temperature  effecting  heat  transfer  was  obtained, 
was also assumed. 
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A cnmparison of the NACA data the  heated and the cooled 
caecade of sol id  blades is s h m  in  figure ZO(a). The Nueselt 
number,  which imolves the heat-transfer  coefficient between the 
blades and the f l u i d  around t h e  blades, divided by Prandtl nuaiber 
to  the  me-third pwer is plotted agebinet Reynoldn number of the 
flow. In figure 20(a), t he  properties of the fluid were baaed on 
the  film temperature, which is a mean of the average blade tapera- 
ture and the bulk tempmture of the f h i d .  The mass flow p 8  
is the maas rate of flow of the f h i d  divided by the  cross-sectfonal 
area of the  inlet  section immediately upstream of the cascade. 
The characteristic dimension in   the Reynol.de and Nusselt numbers 
is taken as the perimeter of the blade  divided by K. A differ- 
ence occurs i n  the results of the heated and cooled blades 
(fig. zo(a))  . 

Because of this  difference,  the fluid properties  including 
density were next based on the blade temperatures. Iche veloaity 
of the fluid M i a t e l y  up8tream of the ca8cade was still used. 
The canparism of the heated- and cooled-blade results on th i s  
basis is s h m  in figure 20fb). The tXo seta  of results are 
brought closer  together,  the average difference being decreased 
fram about 11 t o  5 percent br changing from the film- temperature 
basis to   the blade-temperature basis. Thia result  seems t o  (3011- 
firm t he  conclueions of other  investigations  (reference 22) that 
better  correlation of results are obtained when t h e  surface tam- 
peratures axe used to  obtain f l u i d  properties. 

A comparison of British and NACA data l a  sham in  f igure 2 1  (a). 
The properties of the f luid,  except density, are based on blade 
temperatures. The deneity is based on a mean of the  effective gas 
and blade-kll  temperaturss and on an average of the inlet  and 
outlet  pressures. The velooity is that at the caaca3.e outlet. 
Canmison of results on this basis .wae neoessary becauee lack of 
information in  the British report;  prevented changing to any other 
basis. The Impulse-blade results show a difference of about 
20 percent. The reaction-blade  reeults are definitely lower than 
the inrpulse-blade results. 

A compazison of NACA a& German results are shown in fig- 
ure 21(b). All results axe for  impulse blades. The greatest dif- 
ference in   the  Nueselt ntllliber ie  about 30 percent. In this  plot ,  
the gas pmpertiea were bmed on blade-wall  temperatures and the 
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density and the  velocity were the valuee immediately upe treem of 
the cascade. Although reference 35 ehowe a corpazieon of British 
data  with German data, the NACA has been unable t o  fin3 data in 
the German reports that can put correlation on an outlet-velocity 
bea I s .  

The reaults of ffgure 21 confirm the  discusston of a need for  
a boundary-layer theory for determining local coeflicients  that 
can be averaged to  obtain  curva as e h m .  

Radiation  coefficients. - No data on radiation  coefficients 
for blade8 have  been obtained. All inveetiejatiotze have  been made 
at temperatures low enough eo that convection vaa the predaminating 
came of heat transfer. Thie procedure le purpoeely wed eo that 
the laam of convection heat tramfer can be established without 
the campltcation of radiation b e b g  encountered. 

When investigations  are conducted a t  high temperatures where 
radiation  heat  transfer cannot be neglected without introducing 
large  errors, the geometry factor must be known f o r  a particular 
blade installatfon. An integrator f o r  determining the geometry 
factor is shown in  figure 22. The center of the round base is  
placed on the  blade a t  the  point being  considered and the carriage 
and the light-beam barrel are moved around; the light beam traces 
the area "Been" by the point considered while the pervsi.3. on the bottom 
of the tube holding the light source scribes a diagram on the chart 
a t  the base. The integrator must be used on an enlarged model of 
the blades being  considered because of the  size of the integrator. 
The diameter of the base of the  integrator is 7 inches. The  method 
of surveying the  area is i l lustrated in  figure 23. 

Imide convection heat-tranafer coefficients. - No known data 
are available on the convection heat-traaefer  coefflcients frcm the 
blade t o  the coolant. Of come ,  ample provlsion for obtaining 
such data is bui l t  into man;g of the rlga and ehould be available 
shortly. 

Recovery factors f o r  fluid  outside blades. - Same data have 
been obtained at t h e  NACA Lewis laboratory  (reference 27) and In 
Germany (ref'erence 36) on recovery factore  outside  bldee in s ta t ic  
caacades . From these  data,  the  effective gag tenprature can be 
determined with equation (1). The result8 are sham In  figure 24. 
The reccrvery factor l a  plotted agalrmt outlet Mach number. In all 
caaes, the recovery factor Increases samswhat with lncreaae in out- 
let Mach rurmber. The NACA data show an increase from about 0.8 
to about 0.9 at the choking Mach number. 
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Recovery factor for coolant in  blade passages. - No data exiet 
on recovery faotors from which the  effeutive  coolant  temperatures 
inside  turbine-blade passage8 can be obtained. Data are scarce 
even for flow through  tubes . A curve from ref ereme 30 on recovery 
factor of f h i d  flowing i n  tubes is sham in  f igure 24. 2bis curve 
also show an increase with increase in Mach nuaiber. In this case, 
the  local recovery lactar at varioue p i t i o n s  along the p i p  w e r e  
plotted againet the local Mach  number fo r  various air-flow rates. 
The flow ra te   i tsel f  had no effect an the recovery factor; it 
affected the factor only througfi its effect on M a c h  nmber.  Until 
more data becane mailable, t h e m  are the best data that can be 
given for the  inside recovery factors.  

The discussion has been primarily concerned w i t h  the  heat- 
transfer  relations that occur i n  the  over-all  turbine-blade cooling 
problem. O f  a l l  the factom involmcl, the knowledge of heat trans- 
fer for  the blade profile and the  imide coolant passage is most 
important. M a n y  other aa$cta are t o  be considered, which involve 
flow over the blades and through the coolant passage and the per- 
formance variables  associated  with  the turbfne 88 a canrponent of 
an engine. The perfomname variables inclwle cormideration of the 
thermodynamic effecta and mechanical losses inherent in  removing 
heat fmm the  cycle a& circulating  the coolant through the blading. 
This report is not  intended t o  present  adequately t h e  status of 
the knowledge on each of these sscolldary althou& very important 
aspects,  but the ramaining sections of the report will outline the 
problem and indicate the method of attack, which is being followed. 

Cooling-Flow Charaoterietic~ 

In order t o  evaluate the  ef'fecte of blade cooling on the per- 
formance of gas turbines,  the f low characteristics of the coolant 
wfthin t h e  blade coolant paasages must be determined. Knowledge 
of pressure, temperature, and velocity of the coolant along the 
paasage i8 necessary to determine heat flow, blade temperature, 
inside  heat-transfer  ooefficient, anb cooling losses. The aooling 
losses include the work of pumping the  coolant through the  entire 
cooling system and the  normechanical losses due to hest transfer 
ami mixing,  which involve entropy increeses . 

Air-cooling theory. - The analysie of flow i n  air-cooled blades 
m u s t  be bas& on the f luw of a ccmqreSSible fluid through a passage 
rotat ing  a t  s high angular velocity under the cambfned effects af' 
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area change, wall friction, amf a high rate of heat transfer.  Until 
recently, a n a l y s e s  have been available  for only such a flaw i n  
stationary paeesggs. The NACA is therefore undertaking t he  theo- 
re t ical  etudy of the one-dimeneional flow of gases fn rotating 
paesages . 

Although eane experimental work ha8 been done by the NACA anb 
other reeeazch organizations on the correlation of the f r ic t ion 
coeffibient as aff'ected by high rates of heat trahefer, inauff icient 
data are available  to permit the recommendation of a reliable  corre- 
la t ion  for  nonleothermal f r ic t ion coeff ioiente in blade-coolant 
pawages. Became of this  lack of experlmental data, the wall 
friction  coefficients in blade-coolant passages muet be estimated 
from t h e  data f o r  isothermal friction  coefficients in smooth tubes. 

Water-cooling theory. - Water may be circulated in  the turbins- 
blade coolant passages by ei ther  forced or natural convection. The 
analysis of the flow of water by forced convection in the blade- 
coolant p a s e w s  presents no particular  dif'ficulty and la, i n  fact, 
very much s h p l e r  than the etnslysie required for air cooling. Just 
ae in air cooling, however, isotherm1  coefficient8 of' f r ic t lan for 
tubes muet be employed in the e~nrrlyels although high rates of heat 
t ' r w f e r  a i s  t . 

The mechsnism of the flow of a liquid in  the  coolant paesage 
by natural convec%im le not well underetood  &thou& it is believed 
t o  be similar t o  t h e  Grmhof rider effect in vertical  heated plates . - 
In the slnrpleet theory of this type of flow, the  cooler  liquid is 
postulated t o  flow through the core of the blade-ooolant perssage 
t o  the blind end of the passage at the blade t i p  and then t o  retiup 
along the wall of the passage where the  coolant is heated under the 
influence of a high-centrifugal  acceleration. Actually, the flow 
is pobably  cmplicated by the exlstenoe of small secondary con- 
vective  circuits along the entire  length of the passage. This can- 
pl1ca;tiOn may result In breakdown of the  cimulatlon near the t i p  
of the blade where very emall passages of lmge length-diameter 
ratio m e  required by the aerodgnamic aesign of the blade . The 
Univemity of Delaware, under contract x i t h  the Of'fice of Naval 
Research, proposes the study of natural-convection flow in station- 
ary vertical  tubes for  both gases anB liquids . The research will 
be guided t o  same extent by the work begun during W a r l d  War I1 by 
Genaan scientiste on the study of naturaldowection cooling of 
turbine blades. 
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The NACA has inmstigated a steel   rotor  that eenbodies natural- 
convection circulation cf the  liquid.  coolant. We data reveal 
nothing concerning the nature of the coolant-f low phemcmena becauee 
the passages in turbine blades clre too small t o  insert  the proper 
measuring instruments. It is hopel that acme knowledge of the pop- 
isothermal f r iot ian CoeFficient  can be obtaiaed fzccaa power-loes 
investigations on this turbine wheel. 

AB previously  indicated, one method of approaoh to turbine 
cooling is actual  construction and operation of experimental 
machines on the basis of available data t o  evaluate performanoe, 
losses, thermodynamic effecte, and operating problem . The f ina l  
aspect is t o   m b i n e  all this hmwled~ and t o  evaluate the turbine 
as an engine ocaaponent in terme of engins performaace. 

Operating investigations of aluminum water-cooled turbine 
(forced-conveotion principle) . - A turbine  rotor was buil t  of 14S-T' 
aluminum alloy with a t i p  diameter of 12.06 inches, a root diameter 
of 9.75 inches , and 50 impuhe blades t o  be operated at a marimuEl 
t i p  speed of loo0 feet  per seconi. As shown in figure 25, the 
blades and the disk KW integral and, in order t o  f ac i l i t a t e  
machining, the blades were untapered and cut 88 a series a€' planes 
and cylinders. Into emh blade were drill& four radial coolant 
holm and two trsnsfer  holes to make possible a forced flow through 
the blades. The outside ends of the 300 coolant holea were sealed 
w i t h  screwed-in plugs. The cooling w a t e r  entered the turbine  rotor 
at the  center and flowed radially outwam3 i n  the space between the 
ro tor  and the baffle plate, 8 portion of' whioh is shown in the 
cross  eection i n  figure 25(b), through the two coolant holes ne=- 
eat  the le&ding edge of the blade, across the t i p  of the blade 
through the transfer holes, radially i m  thm- the two holes 
nearest the blade tratling edge, azyi out the rotor through the 
axialdischarge holes. 

- 

The instrmentation prcmided for the preliminary runs was not 
extensive becauee these runs were p-ily intended t o  inlicate 
the  practicability of operation with a liquid-cooled %=bine of 

results are as follows: The turbine was operated far a t o t a l  of 
92 hours of which more than 30 hours were a t  turbine-inlet feslpera- 
tures between 2060° R aad 2560° R. All operatio31 was conduoted at 

, high-coniuctivity material. Briefly summrized, the operating 

. 
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atmospheric inlet pressure and at several pressure ? ~ i t i O s  up t o  
1.8. In order t o  provide an esdditional factor of safety during 
turbine  operation, the water outlet temperature oraer never permitted 
t o  exceed 610° R. It is therefore probable that an excessive 
coolant flow was used at all the points at which thls  turbine has 
been operated. These conditions,  although  not s t r ic t ly  representa- 
t ive of normal turbine operation, were maintained in order  to safe- 
guard the turbine during the peliminery runs. After the 92 hours 
of operation, a method of obtaiPing  rotor-blade temperatures was 
made aqailable and thermocouples inetalled in the blades  indicated 
that at a ro tm epeed of 5000 rp, a t i p  speed of+ 263 fee t  per 
secoml, and an inlet-gaa temperature of 25600 R, the maxlmMl blade- 
temperature wa8 74A0 R. Thie temprature occurred at the blade 
leading cage at a point midwaJr along the span, and all the blade 
tempax&ures indicated were betveen this temperature and 6400 X. 
During the rune in which the blade temperatures were obtained, the  
turbine was again operated at atmorspheric inlet  pressure but at 
extrermely low pressure ratios. The turbine rig in operation at 
these  conditione is shown in figure 2 6 .  The white hotness of the 
inlet duct and turbine shroud I s  visible in the photoersph. It 
is of intereet  to  note that a turbine wheel of' alraaiaum can be 
operate& at suoh high inlet-gas temperatures. 

The mechanical method of sealing  the eade of the  coolant holes 
with screwed-in plugs appears t o  be practical inaemuch ae no leaks 
developed B;p"l. any of the 300 plugs although  calculated pressures 
of 3400 p o r n  per aquare inch were indioated at the plugged. 
surfaces . There t r a ~  no evidence of oxidation, ero8ion, or blade 
elongation a& no indiostion that aay more than a small part of 
the turbine uaeful life waa consumed. A ccxnplete report of these 
f i r s t  operating  investigations run on this turbine is found in 
referenoe 37. 

operata tests of steel water-cooled t" (natura-  
oonvection principle). - A turbine rotor has been bui l t  of 
AIS1 403 steel with a t i p  diameter of 13.88 inches, a root diemeter 
of' 9.0 inch-, and 31 reaction blades. The turbine is designed t o  
operate at a me~cimMl paaes flow of 14 pounds a seoond at a pressure 
ratio of 2 and up t o  t i p  epeede of loo0 f e e t  per second. . A c m s  
section of the turbine r i g  l a  shown in  f igure 27. The rotor  
blades are Integral ly  machined with an annular ring, which ia 
attached to the  rotor by mans of mating circles of' teeth  cut 
Into each side of the  rotor a d  the ring. Through bolts  (not 
shown) hold the ring and the disk together. The diameter of the 
three largest holes is 0.12 inch, that of the fourth is 0.09 Inch, 
and. that of the f i f t h  is 0.07 inch. The coolant pa8eages are not 
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interconnected. The coolant is introduced as shown i n  figure 27 
and the  centrifugal force ard the variation  in the density of the 
cooled and heated liquid permit a constant  circulation of the coolant 
within the blind holes. The coolant  leavee the rotor through 
12 axial-discharge hole8 and enters an annulas. collector. AB in 
the aluminum turbine, the outside ends of the ooolant holes are 
sealed  with screwed-in plugs. No provierion has been made eta yet 
to  recirculate the coolant. An individual  coolant supply is pro- 
vided fo r  cooling  the nozzle bladea each of which has aix drilled 
P ~ S ~ S  

The turbine has been operated  approximately 150 hours at inlet- 
gat3 temperatures up t o  1910° B and t i p  speede of 850 feet per 
second. The mass f lowe were up t o  two-thirds of design specifi- 
cations. The rotor  coolant flow was varied between 6 and 18 per- 
cent of the gas f low through the  turbine.  Wortunately,  the 
excessive  nozzle-blade trailing-edge temperature  prevented turbine 
operation at higher  inlet-gas t q r a t u r e s .  Apparently the method 
of supplying  coolant t o  the nozzle blades aad the emallneas 
(0.06 dim) of the  trailing-edge hole, ae well as ite distance 
f ronthe  blade t ra i l ing edge, all cmbined to  prevent sufficient 
cooling of this portion of the nozzle  blade. Although the maxi- 
mum coolant flow available (10 &/an) waa eupplid t o  the 
nozzlea, the  trailing-edge temperature  continued t o  read appraxi- 
mately  twice 88 high 88 any other nozzle-blade  temperature l O C 8 t i O L  
Thermwouplea installed on the  rotor blades i d i ca t ed  a maximmu 
temperature of E0Oo R along the leading edge st the blade t i p  a t  
the maximum inlet-gas-tesnperature run of 1910° R with a 12-percent 
coolant flow. Preliminary data seem t o  indicate  that  the  natural- 
convection coolant flow tends t o  break down at a certain  point; 
further operation, however, at higher gae tnmperatures are reqyl.mil 
before any positive statement can be made. 

Liquid-cooled 26-inch turbine aircraft-power-pletnt ccmponent . - 
This turbine is liquid-cooled by the  natural-convection principle. 
It is designed f o r  operation 88 a  cmponent of an arcraft parer 
plant i n  conjuncticol w i t h  an arial-f luu compressor. Unlike the 
liquid-oooled turbines previouely described, the blerdee are not 
integrally machined with the rotor dielnr . The blades (2-in. span) 
are sham in   f igure 28. They are attached t o  the disk by meane of 
a f i r - t ree  arrangement. A sealed cavity in the baae of each blade 
connects with five blind hole8 i n  each blade. A so-called  coolant 
disk bolts  to  the  rotor. Two passages (water i n  and water out) 
are  provided in  the coolant disk f o r  each of the 80 reaction blades 
to permit coolaat  circulation. 
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The turbine w a s  designed t o  produce 7980 horsepower at sea- 
level conditioPle with an inlet-gas tempx-ature of 27000 R, an inlet 
pressure of 43 pounds per square Inch abeolute, a preeaure rat io  
of 2.57, a maea flow of 42.5 pow per second, and a t i p  speed of 
1130 feet per second. A t  these  operating  conditione, a coolant 
flow through the rotor of 33 gallone per minute has been calculated 
as necessary t o  maintain a coolant  temperature change of 560° R 
and a blade  temperature of 1660° R. 

Turbine Performanoe Cbaracterlstlce 

In evaluating t h e  performance of an uncooled turbine,  the 
lbeal or  isentropic power available i n  the gaa ie of primary con- 
oern. This thermodynamic m e r  is wed aa a basis for  computing 
turbine effioienoy. X9xm a knowledge of nozzle, biding, eLnd t ip-  
leakage loesee, evaluation of the power actual4 delivered to the 
blades l a  possible. Subtraction of the diek-f'rictian loas and the 
beetring snd gear loaaea from the blade parer determines the shaft 
pawer of the machine. 

The procedures for evaluating and oorrelating  these  perfom- 
ance faotora for an uncooled turbine are well eatabliehed, but i n  
the cooled turbine, no established basis exlets for determining 
the thermodynamic perfonnance in the presence of heat tramfer a d  
with two separate  fluids moving through the  turbine. In the air- 
cooled turbine, the situation l a  further complicated by the mlxing 
of the coolant stYeam with the work5ng fluld., which results i n  
entropy imreaeea. The effects of heat transfer tend t o  mask eane 
of the aerodynamio loeeee and eeparation of the various losses 
oocurring in the two str- l a  difficult .  Thie separation 
requires new definltiona of eFflciencies and intxbduces nsw 
parameters into  correlation of experlmerhal data. For blade power, 
the heat tranefer is In$rodwed into the energy equation and the 
internal-coolant ming power muet be included in evaluating 
either the shaf% power or the torque at the blade root . For the 
cooled tnrblne,  poeeible parmetem for correlation of pumping 
pawer, blade power, and efficiency are 

. 
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I?o investigations have yet been macle t o  verifg these parametere 
or to determine the  functions  that  relate them. Analytical methods, 
however, are being developed t o  aasiet those working in t h e  turbine- 
cooling f ie ld  and t o  provide suggested methods for obtaining and 
reducing experimental data. 

Engine  Performance Characteristics 

The final measure of the  effectiveness of turbine cooling, 
either  for  nonstrategic blade8 or for hlgh-tanperature machines, is 
in   the performzme of t h e  engine. This type ctf evaluation requires 
many additional methods of analysis t o  determine the p e r f m e  
and the losses of a cooled engine fram experimental data on the 
same engine uncooled or to  predict  the performence of' BP engine i n  
the desigu stage. The general procedure is t o  apply the best avail- 
able  hem-transf er data for the  outside and the inside of the cooled 
blade a d  to d e t e m b e  the coolant-f low requirements f o r  the range 
of operating  conditions wed on t he  turbine. These operating 
conditions are functions of turbine omfiguration, turbine-inlet 
temperature, turbine speed, and ccunpressor peesure ratio, 88 well 
88 f light Mach nzmiber and altitude of the  aircraft ,  Ranges of 
altitude m u s t  be covered because of the  significant  effects on 
coolant requirements and losses. In an air-cooled engine, the 
principal  factors coneidered are the thezmdpmulc effects of 
heat loss, friction aad comp?ession in  blade passages an& disk, 
the internal pznaping power in the disk and the blades, the 
external pumping pwer in the ocaqceeeor before bleedoff, the 
decrease in  maas flow through the  turbine, anU the mixing of the 
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coolant  with  the working f lu id .  The s~aaa t ion  of these  effects 
in a turbojet engine is a decrease In jet-nozzle i f ie t - total  tem- 
perature and presiure, which adversely aff'ects performance of the 
engine. 

Several effects  of cooling on the performetnoe  of gas-turbine 
stages have been qualitatively  inmstigated  in reference 38. In  
th i s  analyeis, the f low of the combuetion gaa through the turbine 
stage was approximated by flow through a tapered  conical tube, 
W e e  phases CXP the effect of ooolirq 011 gaa-turbine-stage  per- 
formance axe significant: (I) The cooling requirements of the stage 
must be minimized; (2)  the decrease in stage  efficiency due t o  
cooling must be minimized; and (3) the later stages in the turbine 
must be permitted only a minimum reduction in  available work. 

Amording t o  reference 38, the  cooling requiraments of the 
stage can be kept a t  a minimum by employing water oooling only in 
t h e  rotor and by cooling the less highly stressed stator  by me&118 
of alr. As previously mentioned, porous-blade cooling i e  probably 
adequate for  the cooling of the  stator ad, in addition, such a 
type of oooling increases the mas8 flow through the  turbine. 
Cooling requirements may be mi?xImized i n  the vater-cooled rotor 
either by fabricating t h e  blade8 f'rcen a material with a high 
thermal  conductivity t o  expedite the flow of heat from the bladee 
and into  the coolant or by coating the blades with a very low- 
oonducztivity material so 88 to decrease the heat flow from the 
hot g a ~ l  to the blades. The analysis indicates  that high blade 
speede should be employed 80 as to increaee the work output  per 
stage. A high work output per stage decreases the  required number 
of stages and, consequently, the cooling requireanents of the 
turbine. 

The reduction of the  available work in the later stages of the 
gas turbine is outside the scope of reference 38, but, a8 mentioned 
in that reference, it constitutes an effect that in many caaes is 
more significant than t he  slight decrease in  stage  efficiency due 
to the cooling of the stage. 
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Some idea concerning the gains to  be obtained by the w e  of 
high turbine-inlet temperature, the possibilities of achieving 
these  gains by using  turbine cooling, and the problems involved in  
such research have been presented.. The potentialities are  so great 
and the need so urgent for cooling of turbine blades, especially 
those made of netah that  have low StrategLc-alloy content, that 
a tremendous amount of effort put into the over-all problem is 
warranted on t h e  basis of analyses ard experiaaente made t o  the 
present time. 

Lads Flight Propulsion Laboratory, 
National Advisory Conmittee for Aeronautics, 

cleV8lazhd, ahlo. 
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APPENDIX - mM.BoLs 

A 

B 

b 

c 

C P 
D 

f 

Gr 

E 

ht 

J 

k 

L 

2 

M 

N 

NU 

P 

The follaring symbols are used in  this report : 

cross-sectional area, sq ft 

force, l b  

length of blade (span), f% 

length of blade chord, ft 

specific heat at conetant preesure, Btu/( lb) (OF) 

friction  coefficient, 00 function of 

ratio of absolute t o  gravitational  unit of m e a ,  
lb/alug  or acceleration due to  gravity, ft/eec2 

convection hat-tranafer  coefficient, 
Btu/(aec)(sq ft)(oF) 

enthalpy based on t o t a l  temperature, Btu/lb 

mechanical equivalent of heat, 778.3 ft-lb/Btu 

thermal conductivity, Btu/( 9) (ft) (aec) 

length, f% 

perimeter, ft 

Mach nmber 

sped of rotation, rpm 
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. 
P' 

P r  

Q 

R e  

r 

a 

T 

T' 

T' ' 
V 

W 
c 

X 

X 

Y 

Y 

total preseure, 

Prandtl number, 

heat flow rate, 

radial distance from blade root to polnt on blade 
span conaidered, f ' t  

distance n0-1 t o  wall, ft 



58 

z 

a 

B 

8 

A 

h 

surface  absorptivity 

coefficient of thermal expansion, 11% 

pg, 1 
NACA standard sea-level preaeure 

effioiency 

reornery factor 

turning angle, deg, or Araction 

f -tion 

cooling air 

adiabatic 
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€4P 

B 

C 

0 

f 

g 

h 

f 

m 

0 

I? 

R 

X 

s 

s 

X 

x 

max 

0 

I 

2 

3 

average 

blade 

cmpresor, critiosl pobt 

effective (used xith symbol for temperatme and 
denote6 temperature effecting heat tmafer) 

f1Ul.d 

conibustion gas 

b l a b  root 

inside surface of blade 

mixture (refers to mixing of combustion gases and 
cooling air) 

outeide SurfaCe crf blade 

rotor bladee 

radiation 

stator bl&es 

refers to isentropic process 

wall 

point along blade a w n  

free stream 

turbine inlet 

turbine outlet 

downstream of turbine where complete mixing of com- 
bustion gases and cooling air occur 
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Figure 3. - Method o f  determining  limiting 
dilution  and  critical  blade  section. 
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C o o l a n t  f l o w / g a s  flaw 

F i g u r e  r l .  - R e q u i r e d   c o o l   i n g - a i r  f l o w  for  t u r b i n e -  
p r o p e l l e r   e n g i n e   h a v i n g  25 - f in  t u r b i n e   b l a d e s  
made o f  S-816; opt imum-power   compressor   p ressure  
r a t i o ;   a l t i t u d e ,  35,000 f e e t .  Va lues  beside 
v e r t i c a l   l i n e s   d e n o t e   c o o l a n t  Mach  number a t   b l a d e  
t i p .  
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( a )  V a r i a t i o n  of b l a d e  1 l f e  w i t h  c o o l i n g - a i r   f l o w   f o r  seven- 
f i n   b l a d e s  made o f  v a r i o u s  m a t e r i a l s   f o r   t y p i c a l   t u r b i n e ;  
a1 t l t u d e ,  40,000 f e e t :   t u r b i n e - i n l e t   t e m p e r a t u r e ,  15000 F. 

F i g u r e  12. - V a r i a t i o n  o f  requi   red cooling-air f l o w  w i t h  b l a d e  
1 i f e ,  b l a d e   m a t e r i a l ,  coolant-passage c o n f i g u r a t i o n ,  and 
a1 t i  tude.  
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( b l  Variatlon o f  coollng-air f l o w  required 
with altitude f o r  two  coofant-passage 
configurations f o r  typical t u r b i n e ;  
turbine-inlet  temperature, 1500° F; 
materlaf, Cr-Mo-Va; blade l i f e ,  1000 
hours. 

Figure 12. - Concluded.  Variation of 
required  coolfng-air f l o w  w f t h  blade 
1 t f e ,  blade material, c o o l a n t - p a s s a g e  
configuration,  and  altitude. 
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F i g u r e  13. - Loss  o f  t h r u s t  a t  various 
altitudes f o r  t h r e e   r a t i o s  o f  coo lant  
f l o w  t o  gas f l o w  f o r   t y p i c a l   t u r b o j e t  
engine. F1 i g h t  Mach number, 0.8.  
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F i g u r e  14. - Boundary-layer f l o w  o f  turbine b l a d e .  
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Figure 15. - Cbaractsristics of c m l l n t  i lw i n  air-coolea and Ilquid-coolea turbine blades. 
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R a d i a l  b l a d e  posittcn froin r o o t ,  x ,  i n .  

F l g u r e  19. - Comparlson of t h e o r e t i c a l  a n d  

e x p e r i m e n t a l   b l a d e - t e m p e r a t u r e   d i s t r i b u t l o n  

a t  e f f e c t i v e  g a s  t e m p e r a t u r e  o f  1 6 2 7 O  R.  
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( a )  GRS prooert ies eva lua ted  R t  film temperature: 
d e n s i t y  a t  stream-temaerature. 

””- 

I 2 6 8 IO 20% 404 
a t  i n l e t ,   R e q , i  

( b )  GAS arnpertlss ana denslty evaluated a t  wal l  
tenpemtures.  

8 

Fiaure 2 0 .  - h b r i s o n  of  heat-transfer da ta  for air t l c u l n g  past NACA expf l r imntnl  Impulse-turbine blaaes. 2 > n > 
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[ a )  Gas p r o p e r t i e s   e v a l u a t e d   a t   b l a d e - w a l l   t e m p e r a t u r e ,   d e n s i t y   a t  mean o f  
e f f e c t i v e  gas temperature  a n d  wal l   tempera ture ,  and mean o f  I n l e t  and 
o u t l e t  pressure. 

F l g u r e  21. - Comparison o f  E r l t i s h ,  German,  and N A C A  h e a t - t r a n s f e r   d a t a ,  
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( b l  Gas p r o p e r t i e s  evaluated at blade-wall tempera ture ;  density a t ’  
blade-wall tempera ture  and Inlet pressure .  

f i g u r e  ? . I .  - Concluded. Comparlwn o f  B r i t i s h ,  German, and NACA 
h e a t - t r a n s f e r  data.  
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F i g u r e  24. - R e c o v e r y   f a c t o r  f o r  f l o w  t h r o u g h  r o u n d  
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F i g u r e  2 7 .  - Liquid-ccoled steel t u r b i n e  r i g .  
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